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SYNOPSIS 

The  rates  of  detonation  of  mixtures  of  TNT  and  aluminum  in  both  the  cast  and 
pressed  condition  have  been  determined  over  a  wide  range  of  densities  and  per¬ 
centages  of  aluminum.  It  has  been  shown  that  the  addition  of  aluminum  to  TNT 
in  any  proportion  up  to  40$  decreases  the  rate  of  detonation.  The  .ffect  of 
segregation  of  the  aluminum  on  the  rate  of  detonation  of  cast  TNT-alum ’ num  mix¬ 
tures  is  discussed.  The  effects  of  charge  diameter  and  grain  size  of  the  TNT 
component  has  been  investigated  for  pressed  granular  TNT-alurainum  mixtures. 

Five  variables  have  been  found  to  influence  the  rate  of  detonation  of  TNT- 
aluminum  mixtures;  the  density,  charge  diameter,  percent  of  aluminum  in  the  mix¬ 
ture,  grain  size  of  the  aluminum  and  grain  size  of  the  TOT  component. 

The  mechanism  of  the  explosive  reaction  is  discussed.  It  is  argued,  based 
on  considerations  of  blase,  ourning  time,  and  the  amount  of  oxygen  available 
in  the  TNT.  that  the  mechanism  by  w’a.ch  aluminum  reduces  the  rate  of  detonation 
of  TNT  does  not  consist  of  an  oxidation  reaction  involving  the  alnoinum.  It  is 
postulated  that  the  aluminum  remains  chemically  inert  during  its  passage  through 
the  zone  of  decomposition  of  the  TNT  and  causes  a  reduction  of  the  rate  of  de¬ 
tonation  by  extracting  thermal  energy  from  the  reaction  zone. 

A  Theory  of  Thermal  Dilution  is  proposed  which  is  based  on  a  simultaneous 
application  of  the  Hydrodynamic  Theory,  the  Theory  of  Explosive  Reactions,  and 
the  Theory  of  Heat  Conduction,  The  theory  is  shown  to  be  capable  of  expressing 
quantitatively  the  effects  of  the  five  parameters  on  the  rate  of  detonation  of 
TNT-aluminum  mixtures.  Theoretical  calculations  have  been  made  and  agree  with¬ 
in  250  meters  per  second  with  experimentally  determined  rates  of  detonation. 
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Effect  of  Aluminum  on  the  Rate  01  tonatic. 
of  HIT. 


INTRODUCT  rjn: 


1.  The  addition  of  aluminum,  to  HIT  ha  3  th<-  <_:fcc'.  of  great]  ■:  ir.cr 
the  power  of  the  air  and  water  shock  waves  causco  oy  t.'.e  at-lonat-  .  ''  of  . 

The  tactical  advantage  m  the  use  of  TOT-alu.air.Ma  ...-.xtur.-u  as  ex..- .air- 
for  bombs  arid  shell  lies  therefore  in  tne  increased  blast  lanage  .._Lch  .7.4, 
suit.  It  is  however  of  importance  to  determine  t.he  effects  of  ndditic  s  : 
aluminum  on  the  rate  of  detonation  of  TNT,  one  of  the  controll in"  fact  : .  '. 
tho  fragmentation  of  bomb  and  shell  casings. 

2.  Investigations  conducted  at  the  Undcrsauer  Explosives  Ronccrc -  Labor  1- 
tory  of  the  NDRC  at  ’./bods  Holo  (Ref.  F)  have  shown  that  the  blast  f‘,  <*  mar-  3 
with  aluminum  content  of  the  TNT-aluminum  mixtures  to  a  maximum  v-ilu-  -i.r,  t.< 
aluminum  content  is  30  percent,  beyond  which  further  additions  of  aluminum  <uii 
result  in  a  decrease  in  blast  pressure.  It  is  also  indicated,  as  a  result  f 
tests  conducted  at  this  Arsenal  (Ref.  0),  that  the  bnsance  of  TNT-a.lunu.nur.  na¬ 
tures,  as  measured  by  the  Sand  Test,  passes  through  a  maximum  point  -.nth  ■>.  jdi- 
tions  of  aluminum.  Tho  aluminum  content  of  the  mixture  at  which  the  .-ximum  in 
the  Sand  Test  occurs  is  dependent  on  the  amount  of  the  initiating  it  used, 
larger  amounts  of  initiating  agent  causing  the  maximum  to  occur  at  nighcr 
aluminum  contents.  However,  in  Fragmentation  Tests  conducted  at  thus  arse.n.-'l 
(Ref.  P),  no  maximum  was  observed,  additions  of  aluminum  to  INI  causing  a  de- 
fiiiitc  decrease  in  the  ability  of  TNT  to  fragment  a  shell. 

3.  An  investigation  of  the  effect  of  aluminum  on  the  rate  of  detonation 
of  TNT  has,  therefore,  oeon  conducted  to  determine  whether  a  maximum  rate  is 
obtained  with  additions  oi  aluminum  to  TNT  and  to  determine  the  magnitude  of 

the  increase  or  decrease  in  rate  of  detonation. 

»  • 

A.  The  report  deals  with  two  phases  of  the  detonation  probl.m:  (aj  an 
investigation  of  the  effects  of  the  parameters  from  an  experimental  point  of 
view  with  emphasis  on  the  results  as  applied  to  actual  loading  co.iditions,  and 
(b)  an  investigation  of  tho  ti  eorctical  problem  of  the  reaction  mechanism  in¬ 
volved  with  applications  to  tic  experimental  data. 

OBJECT: 

5.  To  determine  the  effect  of  aluminum  on  the  rato  of  detonation  of  cast 
TNT  and  pressed  granular  TNT. 

RESULTS: 

6.  Tho  rates  of  detonation  of  cast  charges  of  TNT-aluminum  containing  from 
zero  to  AO  purcent  of  aluminum  arc  presented  in  Tables  I  and  II.  Tho  data  in 
Tabic  I  were  obtained  on  castings  prepared  under  carofully  controlled  conditions, 
each  charge  being  analysed  for  aluminum  content  arvd  X-rayod  to  determine  tho 
presenco  of  blow  holes,  cavities,  and  typo  of  crystal  structure.  The  data  pre¬ 
sented  in  Tablo  II  were  obtained  on  charges  which  wero  not  as  uniform  and  free 
from  cavities  as  those  in  Table  I  duo  to  segregation  of  aluminum  nr  the  forma¬ 
tion  of  blow  holes  caused  by  tho  mushy  condition  of  tho  mixtures  >vhon  poured. 
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An  analysis  of  the  data  on  cast  charges  has  shown  that,  in  normal  pouring 
practice,  the  density  of  the  TNT  component  of  a  TilT-aluminum  mixture  approxi¬ 
mates  i.V?  grams  per  cubic  centimeter.  The  data  in  Tables  I  and  II,  corrected 
for  Jon:  ty  to  a  density-composition  relation  in  which  the  density  of  the  TUT 
compone  /.  is  cssumed  to  be  1.57,  are  shown  plotted  in  Figure  I.  The  relation 
between  *ne  rate  of  detonation  and  composition  of  the  castings  i3  ci'/on  by  the 
following  empirical  equation, 

Dn  =  6663  -  3.266  P  -  .0269  P2 

in  which  D_  is  the  rate  of  d-tonation  for  a  density,  dm,  given  by  Equation  3, 

(Fara -raph  12),  and  P  is  the  percentage  of  aluminum  in  the  mixture.  The  ferra 
of  the  empirical  expression  and  the  data  plotted  in  Figure  I  show  t.'  at  the  effect 
of  adding  aluminum  to  cast  TNT  is  to  continuously  decrease  the  rat j  of  detona¬ 
tion,  the  effect  becoming  greater  as  larger  percentages  of  aluminum  3re  added. 

7.  Examination  of  the  data  on  cast  TNT-aluminum  shews  that  the  rate  of 
detonation  becomes  more  erratic  with  increase  in  aluminum  content,  the  mean 
deviation  from  the  least  square  rate  of  detonation-composition  relation  in¬ 
creasing  continuously  from  13.9  meters  per  second  for  cnarges  containing  lc:,3  that. 
6  percent  of  aluminum  to  77.1  meters  per  second  for  charges  containing  from  24 

to  40  percent  of  aluminum.  The  increase  in  dispersion  of  the  rate  of  detonation 
results  is  accompanied  by  changes  in  the  crystalline  structure  of  the  castings  1 
which  tend  to  produce  a  non-nomogeneous  structure.  The  gradation  with  increasing 
aluminum  content  from  a  fine-grained  structure  with  well  dispersed  aluminum  to 
a  coarse  crystalline  structure  characterized  by  a  pipe  of  large  TNT  crystals  in 
the  center  of  the  casting  and,  as  evidenced  fcv  dark  and  light  blotches  of 
segregation  of  the  aluminum  into  pockets,  is  illustrated  in  Photograph  1.-26660 
of  three  typical  radiographs  for  castings  containing  6,  15,  and  25  percent  of 
aluminum.  Therefore,  although  the  maximum  blast  oifect  is  obtained  ..ith  charges 
containing  30  percent  of  aluminum,  it  is  indicated  that  the  difficulty  of  ob¬ 
taining  uniform  and  sound  castings  without  severe  segregation,  increases  when  the 
aluminum  exceeds  20%. 

8.  The  results  of  teats  to  determine  the  rates  of  detonation  of  pressed 
granular  THT-aluminum  mixtures  are  taDulated  in  Table  III,  which  is  divided 

into  three  part3.  Thu  first  part  contains  data  on  charges  .992  inch  in  diameter, 
the  second  part  contains  data  on  charges  1.102  inches  in  diameter,  and  the  third 
part  contains  data  for  1.995  inch  charges.  Tne  data  on  one  inch  charges  are 
shown  plotted  in  Figure  II  and  are  exprt  ssed  by  the  following  empirical  equation, 

D  =  1868.8  -  299.4  P  /  0.4724  P2  /  3228.6  d  /  161.5  Pd  -  0.1423  dP2 

in  which  D  is  the  velocity  of  detonation  in  meters  pur  second,  d  is  the  loading 
density  in  grama  per  cubic  contimuter,  and  P  is  the  percentage  of  aluminum  in 
the  explosive  mixture.  The  data  show  that  at  constant  loading  density,  the 
addition  of  aluminum  decreases  the  rate  of  detonation  and  no  maxima  are  observed 
in  tho  rate  of  detonation-composition  relationships  at  constant  loading  density. 

The  effect  of  diameter  on  the  rate  of  detonation  of  pressed  80/20  Tritonal  is 
shown  in  Figure  III.  The  charges  having  2  inch  diameters  aro  observed  to  detonate 
at  a  higher  rato  than  charges  having  a  1  inch  diameter. 


9.  An  analysis  of  the  data  on  pressed  granular  TNT-iluminum  charges  having 
different  diamotera  and  comparison  between  the  results  obtained  at  this  Arsenal 
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And  results  obtained  by  the  NDRC  has  shown  that  tho  rate  of  detonation  of  TI»T- 
*  aluminum  mixtures  i3  affected  by  five  different  vari ibics  in  the  following 
manner: 
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a.  An  increase  in  tho  radius  of  tho  TNT  particles  decreases  tho  rate 
of  detonation. 

b.  An  increase  an  thu  radius  cf  the  aluminum  particles  incr  -seo  the 
rate  of  detonation. 

c.  An  incroase  in  the  density  of  the  TNT  component  increases  the  rate  of 
detonation. 

d.  An  increase  in  the  diameter  of  an  unconfied  cylindrical  charge  in¬ 
creases  the  rate  of  detonation. 

o.  The  rate-  of  detonation  at  constant  charge  density  decreases  with 
additions  of  aluminum. 


A  Theory  of  Thermal  Dilution  has  b*.on  developed  which  expresses  quantitatively 
the  effects  of  the  five  variables.  The  rate  of  detonation  of  pressed  TNT-aluminum 
mixtures  has  been  calculated  theoretically  and  qgrees  within  250  meters  per  second 
with  tho  exocrimentally  determined  values  for  the  mixtures. 


DT.r-SSIPM 

or  rasoi.rs: 

Part  I.  Experimental 
A.  Cast  Charres 

10.  In  evaluating  the  effects  of  additions  of  aluminum  on  the  rato  of  do- 
tonation  of  oast  TNT,  it  is  necessary  to  choose  some  rational  basis  for  analysis 
of  tha  experimental  data-  From  an  experimental  standpoint,  it  is  not  possible 
to  obtain  a  constant  loading  density  for  all  mixtures  of  TNT-aluminum  in  tho 
cast  condition,  nor  is  it  always  possible  to  obtain  a  maximum  loading  donsity 
at  all  times  for  ail  compositions  up  to  that  containing  40  percent  of  aluminum. 
Density  effects  on  the  rate  of  detonation  of  castings  therefore  have  considerable 
bearing  on  the  results  of  such  an  analysis.  From  a  practical  standpoint,  howevor, 
it  is  necessary  to  evaluate  the  data  with  a  viow  towards  determining  tho  effect 
of  additions  on  the  rate  of  detonation  of  cast  TNT  at  the  loading  densities  which 
would  probably  bv  obtained  under  actual  loading  conditions. 


11.  Tho  donsity  of  a  TNT—  iluminum  mixture  is  given  by  the  following  equation. 


dn  "  A/dA  /(l-A)/dT  1 

in  *#iich  dm  is  tho  density  of  the  mixture  (in  grams  per  cubic  centimeter), 
tho  crystal  density  of  aluminum,  and  dy  tho  loading  donsity  of  tho  TUT  component 
in  tho  mixture,  the  voids  in  tho  mixture  being  included  in  tho  calculation  of 
tho  TNT  density.  A  is  tho  weight  fraction  of  aluminum  in  the  mixture.  Substituting 
the  value  of  2.70  grams  per  cubic  centimeter  (crystal  donsity  of  aluminum)  for 
«  d A,  we  obtain  the  following  equation  for  the  density  of  the  TNT  component. 


Zq.  2 


dy  s  2.70  (1-A)  da 
2.70  —  Adju 

12.  The  experimental  data  on  cast  mixtures  in  Ta’olo  I  have  been  analysed 
with  regard  to  density  of  the  TNT-ppm^ni.-at*4J5ipg  Equation  2  and  at  has  been 
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found  th.it  tho  density  of  the  TNT  component  deviates  little  from  r.  value  of  1.57 
lor  charges  containing  no  aluminum  up  to  mixtures  containing  40  percent  of 
aluminum.  As  the  castings  were  sound  and  relatively  free  from  porosity,  it  is 
assumed  that  good  castings  vd.il  have  a  density  of  the  TUT  component  of  1.57  for 
purpoa  s  of  further  analysis.  From  a  practical  standpoint,  therefore,  the 
density-composition  curve  for  cast  TNT-al'iainum  mixtures  will  be  given  ’ey  the 
following  equation  obtained  from  liquation  1  by  substitution  of  2.70  for  the 
aluminum  density  and  1.57  for  tho  density  of  tho  TNT  component, 


4.239 

2.70  -  1.13  A 


Eq.  3 


The  composition-density  relation,  liquation  3,  provides  a  rational  basis  for 
analysis  of  tho  rate  of  detonation  data,  inasmuch  as  ono  variable,  the  dend ty 
of  the  TNT  component,  has  beon  assumed  constant. 

13.  The  following  equition  has  been  prop. sod  (Rof.  A)  for  the  correction 
of  rates  of  detonation  of  TNT  and  related  binary  compositions  of  iugh  explosives 
for  small  differences  in  density, 


D2  =  Di  /  3530  (d2  -  dx) 


Eq.  4 


where  and  are  the  rates  of  detonation  for  a  given  explosive  at  the  loading  ■ 
densities  di  and  do.  The  equation  is  based  on  the  linear  rate  of  detonation- 
density  relation  Tor  cast  TOT  (Ref.  fl) 

i 

D  =  1131  /  3530  d  Eq.  5 

where  D  is  th9  rate  of  detonation  in  meters  per  second  and  d  the  leading  density 
in  grams  per  cubic  centimeter.  Equation  4,  based  on  experimental  data  for  cast 
TOT,  ie  believed  applicable  to  the  correction  of  rate  of  detonation  data  of  cast 
TOT-aluminum  mixtures,  especially  when  the  fraction  of  TOT  in  the  mixture  is 
large.  It  will  be  shown  later  that  the  slope  of  the  rate  of  detonation-density 
relations  for  TOT-aluminum  mixtures  at  constant  composition  may,  under  certain 
condtions,  be  a  function  of  other  variables  such  as  grain  size  of  the  ingredients 
and  aluminum  content.  However,  as  the  density  difference,  (d2  -  dj^)  is,  in  most 
cases  a  small  quantity,  the  use  of  the  value  3530  will  incur  errors  of  the  order 
of  only  a  few  meters  per  second  and  is  believed  applicable  to  the  correction  of 
cast  TNT-aluminum  data  in  view  of  the  large  number  of  experimental  values  obtained. 

14.  Equation  4  may  then  be  rewritten,  with  substitution  oi  Equation  3  fer 
the  theoretical  loading  density,  in  the  following  form,  for  the  case  of  aluminum- 
TNT  mixtures, 

Dm  .  0  /  353°  <  <_^S22__)  ..  *.6 

where  D  and  d  are  the  observed  rate  of  detonation  and  loading  density  and  Dq 
the  rate  of  detonation  corrected  to  the  loading  density-composition  relation 
(Equation  3).  The  corrected  rates  of  detonation  are  given  in  Table  IV  and  are 
shown  plotted  on  Figure  1.  _ 

15.  The  least  square  quadratic  relation  for  the  corrected  rate  of  detonation* 
composition  data  is  given  by 

'  ■  •  •  •  1 
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where  2ffl  i3  the  rate  of  detonation  for  a  densicy,  d^,  given  by  Sqm-  on  3  and 
P  is  the  percentage  of  aluminum  .’.«;  the  mixture.  equation  7  is  shovai  plotted 
on  figure  i.  Examination  of  the.  data  shown  on  figure  1  and  Equation  7  i.idicates 
that,  i  i  normal  pouring  practice  In  which  a  density  of  the  IOT  co.nporv.TX  of  1.57 
is  obtained,  the  effect  of  adding  aimruru.n  to  cast  TOT  is  to  decrease  contin¬ 
uously  tha  rate  of  detonation,  the  effect  tv .rcaing  greater  as  larger  percentages 
of  Pluoinun  are  aided. 

16.  Although  the  data  indicate  tl;-'.  under  normal  pcorin.,  conditions,  con¬ 
ditioned  by  the  arbitrary  requirement  of  a  1.57  density  of  tne  HIT  component, 
no  m ixurxai  rate,  is  observed  for  percent  igea  of  aluminum  greater  than  zero,  it 
is  possible  to  load  TNT-aluminum  charter,  uo  that  a  maximum  will  be  obtained  at 
small  percentages  of  F.lumin-.un.  The  re  ison  for  this  phenomenon  lies  in  a  density 
effect  caused  fcy  the  coolicg  conditions  required  by  the  pouring  procedure,  then 
small  quantities  of  aluminum  are  added  to  TUT,  the  tnerual  conductivity  of  the 
mixture  ociaired  becomes  greater  than  that  of  pure  TNT.  As  t.  result,  the  casting 
will  cod  more  rapidly  end  a  finer  grain  structure  of  the  TNf  component  and  re- 

.suiting  higher  density  of  th  i  TV?  component  wil2  rosu.lt,  thereby  causing  an  in¬ 
crease  in  the  rite  of  detonation  of  the  cast  mixture  ever  that  ci  a  pure  TNT 
casting  poured  at  tho  same  temperature  ana  conditions  of  pre-coolir/,  of  the  melt. 
Hov.ever,  as  larger  amounts  of  aluminum  are  added  to  the  melt,  the  pouring  tempera¬ 
ture  must  to  increased  t.o  obtain  sufficient  fluidity  of  the  mixture  to  permit  pro¬ 
per  pourin'/.  The  increase  in  thermal  conductivity  of  the  mixture  will  then  bo 
offset  by  the  incruased  quantity  of  hx.at  which  must  he  removed  in  tho  solidifi¬ 
cation  of  the  molt  and  by  the  limited  heat  camcity  of  the  casing  or  mold.  Under 
such  condi.tio-.i3,  cooling  will  become  slower  and  growth  of  larger  crystals,  with 
accompanying  decrease  in  density  of  tho  TOT  component,  will  true  place.  The  re¬ 
sult  will  be  an  additional  do crease  in  rata  of  detonation  caused  by  the  density 
decrease.  X-ray  photograph  (;X-2(?b60  attached)  of  several  charges  of  different 
aluminum  content  shoo  the  affect  of  additions  of  aluminum  on  the  crystalline 
structure  of  the  cautirgs. 

17.  Tho  increased  r.carsones3  of  the  crystalline  structure  of  castings  which 
occurred  at  high  percentages  of  aluminum  was  accompanied  by  the  following 
structural  characteristics  of  tho  castings: 

a.  The  initial  crystallization  of  tho  melt  at  tne  wall  of  the  mold  takes 
place  rapidly  and  traps  aluminum  in  the  interstices  of  the  crystals. 

b.  The  TOT  structure  becomes  oriented  rather  than  random  and  large 
crystals  aT3  formed,  thereby  creating  a  pipe  of  coarse  crystals 
in  tho  center  of  the  castings. 

c.  The  TNT  crystals  grow  preferentially,  excluding  aluminum  and  push¬ 
ing  the  aluminum  particles  ahead  of  the  crystalline  boundaries  of 
grrin  growth  into  small  pockets  where  many  particles  may  bo  tightly 
pressed  together. 

Two  definite  effects  n re  cauaed  by  the  coarseness  in  structure.  First,  the  re¬ 
sitting  structure  will  be  non-hooog meous  and  the  presenco  of  a  largo  crystalline 
pipe  through  the  center  of  tho  casting  with  a  fine  grain  struct-iro  surrounding 
it  will  give  riao  to  txratic  ratos  of  detonation.  This  was  shown  in  tho  case  of 
cr/stallino  pure  TOT  castings  (Ref.  B).  Second,  tho  segregation  of  aluminm 
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into  pocxeta  causes  the  casting  to  oe  a  non-homo  eneoua  xaixture  with  respect  to 
aluminum  and  Halt  a  the  effect  of  the  alu.rd.nan  in  reducing  the  rate  of  detonation 
of  TNT.  As  a  result  the  decrease  in  rate  vd.ll  be  le3s  and  the  castings  will  act 
like  a  mixture  of  lower  aluminum  content. 

18.  It  may  be  concluded  that  the  coarse  crystalline  structure  rail  rive 
erratic  results  and  the  rate  of  detonation  will  be  higher  tnan  for  a  line  grain, 
homogeneous  casting.  Zxa..unation  of  tho  corrected  rate  of  detonation  of  cast 
TNT-aluminura  mixture  shows  erratic  rates  of  detonation  at  higher  aluminum  con¬ 
tent,  i.e.  20  to  40  percent  of  aluminum. 

19.  It  is  of  interest  to  compare  the  results  for  cast  80/20  Tritonal  ob- 
taintd  at  this  Arsenal  with  results  for  cast  80/20  Tritonal  obtained  by  the  Ex¬ 
plosives  Research  Laboratory  of  the  KDRC  at  Bruceton.  The  results  obtained  by 
the  h'DRC  are  given  in  Table  V  and  are  shown  plotted  in  Figure  III.  The  averago 
rate  of  detonation  obtained  by  the  NDRC  on  cast  charges  1.6  inches  in  diameter 
is  6734  meters  per  second  at  an  average  density  of  1.748  whereas  the  rate  of 
detonation  of  cast  80/20  Tritonal  obtained  at  this  Arsenal  is,  from  equation  7, 
6487  meters  per  second  at  a  density  of  1.716.  The  average  rate  obtained  by  tho 
NDRC  has  been  corrected,  using  Equation  4,  to  the  density  obtained  at  this  Arsenal 
(1.716)  with  the  following  results: 

Rate  of  Detonation  Density  Charge  Diameter  Source 

6621  1.716  1.6  inches  NDRC 

6487  1.716  1.0  PA 

The  NDRC  value  for  80/20  cast  Tritonal  is  13u  meters  per  socond  higher  than  the 
value  obtained  at  this  Arsenal.  The  difference  is  considered  outside  of  the 
experimental  errors  of  tho  equipment  U3ed  to  determine  the  rate  of  detonation. 

It  is  noted,  however,  that  th«  diameter  of  the  charges  used  by  tho  I.THC  and  that 
used  at  this  Arsenal  are  different  and  tho  difference  in  rates  may  bo  duo  to  a 
charge  diameter  effect.  A  comparable  effect  on  tho  rate  of  detonation  of  in¬ 
creasing  the  diameter  of  the  charge  ha3  been  observed  experimentally  in  tho  case 
of  pressed  80/20  Tritonal  (paragraph  23)  and  it  is- shown  theoretically  in  Part 
II  of  this  discussion  that  increasing  the  diameter  of  an  unconfined  c^rgo  of 
INT-aluninum  will  increase  the  rate  of  detonation. 

B.  Pressed  Data 

20.  Although  pressed  TNT-aluminura  mixtures  are  not  used,  in  the  general 
loading  of  ammunition,  pressed  mixtures  have  several  advantages  over  cast  mix¬ 
tures  in  the  study  of  the  effects  of  the  V3riou3  parameters  involved  in  tin  de¬ 
tonation  mechanism.  Tho  effect  of  variations  of  density  on  tho  rate  of  detona¬ 
tion  mechanism  can  be  studied  onlv  in  the'  caso  of  pressed  explosives,  in  which 
caso  a  wide  range  of  densities  may  bo  investigated.  A, more  homogeneous  charge 
can  be  obtained  as  segregation  of  the  aluminum  is  not  dependent  on  crvstal  growth 
as  in  tho  caso  of  castings  and  segregation  of  aluminum  duo  to  a  difference  in 
density  does  not  taxo  placo  by  settling  during  tnu  solidification  process.  In 
addition,  the  particle  effects  of  tho  TNT  component  can  be  investigated  with 
pressed  explosives  as  granulation  can  bo  controlled. 

21.  In  order  to  evaluate  tho  effects  of  density,  composition,  .and  granu¬ 
lation,  it  is  necessary  to  describe  quantitatively  the  relationships  between  the 
rato  of  detonation,  density,  and  aluminum  content  of  pressed  granuiar  TJJT-aluminum 
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mixture*,  Th®  pressed  granular  TNT-aluminu..i  data,  obtained  on  0,992  and  1.102 
inch  charges,  tabulated  in  Tibia  III,  aro  shown  plotted  on  figure  II,  Although 
tho  relationships  between  the  rate  of  detonation  and  density  for  Iilfere-.t  per¬ 
centages  of  aluminum  aro  divergent  at  lower  densities,  the  rate  of  detonation- 
density  relationships  aro  linear  within  experimental  limits.  In  view  of  the 
variation  in  the  experimental  results  and  the  small  differences  in  rate  of 
tonation  caused  by  small  additions  of  aluminum,  i.e.  2  percent  of  alumina-..,  a 
statistical  otudy  of  the  data  was  applied  in  order  to  ootain  more  ro  iresentwtive 
values  of  the  rata  of  detonation  for  iivcn  densities  and  aluminum  content.  Pre¬ 
liminary  investigation  showed  that  for  a  given  density  range,  i.c.  1.45  to  1.4b 
grams  por  cubic  centimeter,  tho  rate-  of  detonation  decreases  to  a  first  approxi¬ 
mation,  decreases  linearly  with  the  aluminum  content.  Tho  least  square  relations 
between  the  rate  of  detonation  and  the  aluminum  content  were  determined  for  uach 
density  range  of  0.01  grams  per  cubic  centimeter  for  all  values  in  that  range, 
over  the  total  density  range  of  1.43  to  1.52  grams  per  cubic  centimeter,  Rates 
of  detonation  were  calculated  for  the  midpoint  densities  from  these  equations 
and  those  values  used  to  calculate  linear  lvist  square  lines  for  tne  rate-density 
relation  at  constant  percentages  of  aluminum.  As  there  were  insufficient  data 
in  the  higher  density  ringc,  the  linear  rate  of  detonation-composition  relation¬ 
ships  at  constant  density  could  not  be  calculated  for  densities  greater  than 

1.52  grams  per  cubic  centimeter.  Therefore',  in  order  to  apply  the  .endition  of 
linearity  to  the  rate-composition  r  elationship  at  higher  don3ity,  the  data  above 

1.52  grams  per  cubic  centimeter  density  were  averaged  to  obtain  an  average  ratu 
a.id  density  for  each  composition.  Those  average  rates  of  detonation  wero  then 
corrected  for  density  differences  to  the-  avorago  density  of  all  charges  abovo 

1.52  density  (1.589  grams  per  cubic  centimeter)  using  tho  following  equation. 


Dc  :  D  /  a  U.589  -  d) 
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where  Dc  is  the  corrected  rata  of  detonation  at  1.589  density,  H  ti...  average  rato 
of  detonation  (uncorroctod),  £  thu  average  density,  and  a  the  slopes  of  tho  least 
square  rate  of  detonaticn-dcnsi ty  relationships  for  constant  aluminum  composition, 
Tho  linear  least  square  relationship  between  rate  of  detonation  and  composition 
was  then  calculated,  using  the  corrected  rates  in  the  upper  density  group,  and 
least  square  values  for  tho  rate  of  detonation,  at  a  density  of  1,559,  were  then 
calculated  for  different  co.\  esitions.  Finally,  least  square  linear  rate  of 
dotorntion-density  relationships  for  different  percentages  of  aluminum  v/ero  cal¬ 
culated  using  the  least  squares  .uidpoint  density  rates  of  detonation  from  tho 
lower  density  groups  and  tho  least  square  rates  of  detonation  (at  a  density  of 
1.589)  for  the  upper  density  group  of  data.  The  following  equations  were  ob¬ 
tained  and  are  shown  plotted  in  Figure  II, 


D  s  a0  /  ai  d 
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where  D  is  the  rato  of  detonation  and  d^  the  loading  density  of  the  pressed  cnarge; 
3o  and  ai  have  tho  following  values: 


Percent  Aluminum 


1801 
1303 
661 
89 
-  537 

-  1703 

-  3344 

Pll.-ij  ‘.h 

uu..i  »*? 


2L 

3260 

3515- 

3863 

4165 

4505 

5125 

5983 


Rate*  of  d-tonntion,  calculated  for  densities  of  1.40,  1.50»  ml  1.60  ,,rvj3  per 
cubic  centimeter,  ar<»  tabulated  in  Tablo  VI.  Examination  of  tho  values  of 
and  shows  that  they  are  not  linear  mth  percentage  of  aluminum  in  the  ex¬ 
plosive  mixturo.  The  followi.^j  leaat  square  equations  were  tnereforc  calculated 
for  ££  and  a]_:  9 

So  •  1868. 3  -  297.4  P  r  0.L12U  P2 
ai  r  3228.6  /  161. 3  ?  -  0.4423  P2 

Substituting  the  equations  for  and  a]_,  as  functions  for  the  percent  i>  liunaTi, 
in  Equation  9,  the  following  equation  17  obtained: 

D  •  1368.8  -  279.4  P  /  0.4724  P2  /  3228.6  d  /  161.5  ?d  -  0.4423  dP2  Sq.  10 

where  D  is  the  ve’ocity  of  detonation  in  meters  per  second,  d  is  •  ;  loading 
density  m  rrans  per  cubic  centimeter,  and  Pis  ti  e  percentage  of  aluuinum  in 
the  explosive  mixture.  The  expression  may  oe  used  to  calculate  the  rate  of  de¬ 
tonation  of  pressed  granular  TNl-aiuminam  mixt  ires  at  any  loading  density  and 
aluminum  content  within  the  range  studied. 

22.  Analysis  of  the  rates  of  detonation  of  pressed  granular  TNT-aluminun 
mixtures  shows  that  at  constant  loading  density,  the  addition  of  aluminum  de¬ 
creases  the  rate  of  detonation  and  no  maxima  are  oosenved  in  the  rate  of  de¬ 
tonation-composition  relationships  at  constant  loading  density.  In  addition, 
the  effects  of  additions  of  aluminum  in  reducing  the  rate  oi  detonation  of 
granular  TNT  are  much  gi eater  at  lower  densities.  This  is  shown  by  the  divergence 
of  the  linear  rate  of  detonation-density  relationships  for  various  alurJLnum  con¬ 
tents,  Figure  II,  and  by  the  variation  of  the  slopes  of  these  lin.o  from  3260 

for  pure  TWT  to  5983  for  a  pressed  mixture  containing  18  percont  of  aluminum. 

23.  Rato  of  detonat  u  .lata  obtained  by  the  Research  Laboratory  of  tho  NDRC 
at  Bruceton  on  pressed  granular  lUT-aluminum  mixtures  containing  20  percent  of 
aluminum  are  tabulated  in  TableVII  and  are  shown  plotted  in  Figure  HI,  in  ordor 
to  compare  the  results  obtained  by  the  iJDRC  vritn  results  obtained  at  tla.3  Arsenal, 
the  rates  of  detonation  of  a  20  percent  mixture  have  Doan  calculated  from 
Equation  10  for  densities  of  1.40  and  1.60  0ra;u3  per  cudIc  centimeter.  These 
value 3  and  tno  rate  of  detor.ation-ienaity  line  through  thou  are  shown  also  in 
Figure  III.  Comparison  of  the  two  0''ts  of  data  shows  that  although  the  results 
obtained  by  the  NDRC  and  those  obtained  at  this  arsenal  agree  closely  at  a  density 
of  approximately  1.65,  the  results  differ  vudcly  at  lowur  densities,  those  ob¬ 
tained  at  tma  Arsenal  being  lower  than  the  NDRC  results.  Thus,  vhorccs  the 
dif.e-rcnco  in  rates  of  detonation  is  119  meters  pe-r  second  at  a  density  of  1.60, 
the  difference  is  579  meters  per  second  at  a  density  of  1.40,  or  approximately 
five  times  greater.  These  differences  ’re  well  outside  of  the  err*-  of  de¬ 
termination  of  the  rates  cf  detonation  and  must  oe  dependent  upon  t..s  variables  • 
of  the  detonation  mechanism.  Two  definite-  differonpes  j,n  the  exper— .  c.ntal  cnarge*3 
used  are  noted: 

s.  Tho  diameter  of  the  pressed  charges  used  by  the  NDRC  varied  from 
1.25  to  2,0  inches  whereas  the  diameter  of  the  charges  fired  at 
this  Arsenal  was  approximately  1  inch, 
b.  The  grain  diameter  of  tho  TNT  used  by  the  NDRC  in  preparing  tho 
mixtures  was  approximately  15  microns  whereas  the  1NT  wain  diameter 
usod  at  this  Arsenal  was  ouch  larger,  tho  TNT  having  boon  used  in 
tho  "as  rocoived"  condition. 
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Tha  affect  of  variations  in  the  diameter  of  the  charges  is  shown  by  cor.p  >rison 
of  the  data  obtained  at  this  Arsenal  on  1  a.id  2  inc.t  diameter  charge 3  of  pressed 
JO/23  Tritonai,  iho  least  sauare  relationships  of  »»hich  are  ahowr;  plotted  in 
Kiguse  III.  The  increase  in  diameter  is  observed  to  increase  tne  rate  of  detona¬ 
tion.  The  discrepancy  between  tne  results  obtained  by  the  UD3C  and  at  tais 
Arsenal  is  not  attributable  to  inherent  errors  in  the  methods  used  1:1  the  de¬ 
termination  of  the  rate  of  detonation  (Ref.  a)  but  may  be  caused  by  the  flr aln 
size  of  the  Tl.T  component.  It  is  indicated,  therefore,  that  differences  oet-.;e».n 
the  two  sets  of  data  are  due  to  differences  in  diameter  of  the  charges  -.nd 
variations  in  the  grain  size  of  the  PUT  component.  Ln  tliis  conru-i*  on,  it  is 
noted  that  the  screen  analysis  of  the  aluminum  used  by  the  NORC  am  at  this 
arsenal  is  the  eaue  and  ao  a  result,  the  rates  of  detonation  do  not  chow  any 
effect  due  to  grain  size  of  the  aluminum. 

C.  Comparison  of  Cast  and  Pressed  TUT-qluminum  mixtures 

24.  The  rate  of  detonation  of  cast  T1JT  is  lower  for  a  given  loading  density 
then  the  rate  for  pressed  granular  TUT.  The  rate  of  detonation-density  relation¬ 
ship  for  both  types  of  charges  aro  approximately  parallel,  the  rato  of  detonation 
of  pressed  TUT  being  given  by  Equation  9, 

D  s  1801  /  3260  d 

and  the  rate  of  detonat'.on  of  cast  TUT  by  Equation  5, 

D  «  1131  /  3530  d 

At  a  loading  density  of  1.60,  cast  TUT  h3s  a  rate  of  detonation  233  meters  per 
second  lower  than  that  of  pressed  granular  TOT.  It  is  interesting  to  compare 
the  rates  of  detonation  of  cast  and  pressed  THT-aluminum  mixtures  to  dcternu.no 
if  equal  reduction  in  rates  is  observed  for  equal  percentages  of  aluminum  in  tha 
mi”tures. 

25.  As  the  upper  densities  of  the  pressed  data  are  I033  than  t.hc  densi  ties 
of  the  cast  mixtures,  it  is  necessary  to  correct  the  data  to  the  same  loading 

:nsity.  In  the  case  of  pressed  explosives,  it  has  been  pointed  out  that  although 
the  effect  of  grain  size  of  the  TUT  i3  small  at  high  densities,  at  low  densities 
.  tho  effect  is  large.  The  extrapolation  of  data  for  pressed  charges  to  densities 
higher  than  those  at  which  charges  have  b.en  firod  is,  therefore,  af  "acted  by  tho 
grain  size  offect3  at  low  density  and  might  l^ad  to  cun3id«raoLe  e  .or.  However, 
when  grain  size  has  litt1  -  effect  on  the  rate  of  detonation  at  low  densities, 
it  is  found,  as  in  the  casu  of  the  NDRC  results,  that  the  rate  of  detonation- 
density  r elationahips  for  various  TUT-aluminum  compositions  are  approximately 
parallel  to  the  relationship  for  pure  TUT.  It  is  thus  believed  appropriate  to 
correct  tho  east  TUT  data  to  a  constant  loading  density  in  the  upp^r  density  re¬ 
gion  of  the  pressed  TUT-alurainum  data,  i.o.  1.60  grams  per  cubic  centimeter, 
using  a  constant  slope  for  tho  rate  of  detonation-density  relationships. 

26.  Tho  rato  of  detonation  of  cast  TUT-aluminum  mixtures  is  given  by 
Equation  7, 

On  s  6663  -  8.266  P  -  .0269  P2 


at  a  loading  density  given  by  Equation  3, 
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Equation  4  cay  fee  rewritten  in  the  fore 

“1.60  =  D  t  3530  (1.60  -  d,) 
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where  Dj.60  is  the  rate  of  detonation  at  a  density  of  1.60.  Subst-.»wting  Leuatiers 
7  and  2  in  Equation  11,  ana  lotting  P/100  -  A,  the  following  equation  is  c - 
tained, 


12311  -  8.266  P  -  .0269  P2  -  * — ^964  ~ 

/i./0  -  ,Oi-3  P 
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The  rates  of  detonation  of  cast  and  pressed  TtiT-aluminum  mixtures  vo  been  cal¬ 
culated  from  Equations  12  and  9,  respectively,  and  are  shown  plot;  -  i.;  Figure 
4.  It  is  observed  that  the  effect  of  additions  of  aluminum  in  re->..c:.r,  the  rate 
of  pressed  TUT  is  greater  than  for  caat  li-iT.  The  difference  of  2pG  ...eters  por 
second  between  pure  cast  and  pressed  TfJT  decreases  to  40  meters  per  second  for 
a  mixture  containing  20  percent  of  aluminum.  At  higher  percentages  of  alunJLnum, 
it  is  indicated  from  Figure  IV  that  pressed  mixtures  will  detonate  at  a  lov/ur 
rate  of  detonation  than  cast  charges. 

27.  Non-homogenioty  of  the  mixture  caused  by  central  piping,  growth  of 
large  crystals,  3nd  segregation  of  aluminum  into  isolated  pocic-ts  a  -  jarcntly  has 
the  effect  of  limiting  the  ability  of  al uminum  to  reduce*  the  rata  o.  detonation  * 
of  cast  TNT.  In  tho  case  of  pressed  mixtures,  in  which  a  more  homo,  c.ioous  mixture 
i3  obtained  and  aluminum  is  well  dispersed  within  the  interstices  of  the  TTCT 
structure,  t,he  aluminum  is  better  able  to  affect  the  reaction  mechanism  of  the  ' 
detonation  wave  and  thus  causes  a  greater  reduction  in  rate  cf  deton  lion  than  , 
in  the  case  of  cast  TUT. 

Part  II.  Theoretical 

28.  It  has  bee-  shown  experimentally  that,  both  in  the  case  of  cast  and 
pressed  granular  TNT- aluminum  mixtures,  additions  of  aluminum  at  constant  load¬ 
ing  density  de-crease  the  rate  of  detonation  of  TNT.  In  addition,  it  has  been 
observed  that  the  ability  of  aluminum  to  reduce  the  rate  of  detonation  of  TNT 
is  dependent  on  four  variables: 

a.  Loading  density  of  the  charge. 

b.  Percentage  of  aluminum  in  the  mixture. 

c.  Grain  size  of  TUT  component. 

d.  Diameter  of  charge. 

Data  on  the  effect  cf  varying  the  granulation  of  th~  aluminum  on  t..o  rate  of 
detonation  of  TNT  are  not  available.  The  effect  of  granulation  of  the  aluminum 
in  reducing  the  rate  of  detonation  of  EDDIE  (Ethylonediami:ie  dimtrata)  and  PETi.’ 
has  oeen  determined  by  the  JDEC  for  a  PETII-sIuminum  mixtar-  containing  15  percent 
of  aluminum  and  for  a  EDDN-aiuninum  mixture  containing  13  percent  of  aluminum 
(Ref.  D)  with  the  following  results:  . 


Explosive 

85/15 : PZTN/ Aluminum 
87/13 : EDDN/ Aluminum 


Density 

Rato 

1.526 

7025 

1.517  . 

6740 

1.440 

6580 

1.426 

6390 

Av.  Particle  3izo  of 
Aluminum  (in  microns; 
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The  data  indicate  that  the  effect  of  reducing  the  grain  size  of  tho  aluminum  is 
to  reduce  the  rate  of  detonation  of  the  mixture.  ^lthojr.h  it  h-is  not  Lk,o n  shown 
thet  the  grain  size  of  aluminum  will  affect  the  rate  of  detonation  of  TmT-eluaimn 
mixtures,  it  will  be  assumed  that  granulation  of  the  aluminum  is  a  variable  in 
the  detonation  ra-chanisa  of  TNT-alurainum  r.dxturus. 

29.  Two  hypotheses  have  been  proposed  to  e> plain  the  action  of  aluminum 
in  reducing  the  rate  of  dwtoiution  of  TUT; 

a.  The  aluminum  reacts  with  ti.e  products  of  decomposition  of  the  TT'IT 
to  fora  aluminum  oxide  and  the  rate  of  detonation  of  Tiff-aluminum 
mixtures  can  be  calculrted  by  means  of  tne  hydrodynamic  theory  of 
detonations. 

b.  Tho  action  of  -.1001000  in  reducing  the  rate  of  detonation  of  ANT 
consists  in  a  thermal  dilution  mecnailisra  in  which  energy  is  removed 
from  the  explosive  reaction  in  heating  the  aluminum. 

Beth  hypotheses  predict  a  decrease  in  the  rate  of  detonation  of  TNT  with  additions 
of  aluminum.  However,  as  thu  chemical  reaction  hypothesis  is  based  on  the  hydro- 
dynamic  theory  which  ia  independent  of  grain  si2e,  the  chemical  tncory  is  incapable 
of  explaining  tho  effects  of  those  vari'-bles.  The  thermal  hypothesis  is  purely 
qualitative  in  its  stated  form  and  when  based  on  the  hydrodynamic  theory  is  also 
incapable  of  expressing  the  effects  oi  grain  3ize  and  charge  diameter. 

30.  In  order  to  determine  tte  plausability  of  either  hypothesis  it  is 
necessary  to  examine  the  implications  of  the  hypotheses  in  view  of  wperimental 
data,  not  only  from  the  standpoint  of  the  rate  of  detonation  but  oe..er  phenomena 
associated  with  the  detonation,  i.e.  cla3t  measurements  and  flash  duration 
measurements. 

31.  The  decomposition  reaction  lor  TNT,  a3  postulated  by  the  hydrodynamic 

theory  is  . 

C7H5  CN02)3  =  6  CO  /  2^  H2  /  C  /  12  N2 

Assuming  that  aluminum  reacts  completely  with  the  oxygen  to  form  aluminum  oxide 
and  all  of  the  oxygen  is  exau3tea  from  the  decomposition  products,  the  reaction 
could  be  represented  by  the  equation: 

C7H5  (N02)3  /  4  A1  =  7  C  /  2^  H2  /  li  N2  /  2  Al203 

The  condition  of  U  moles  of  aluminum  per  moie  of  TNT  is  satisfied  in  s  TNT- 
aluminun  mixture  containing  32.2  percent  cf  aluminum.  Further  addition  of 
aluminum  can  not,  therefore,  result  in  reduction  of  the  rate  of  detonation  of 
a  32.2  percent  mixture  as  oxygen  is  not  available  for  the  reaction  with  aluminum. 

It  has  been  shewn  experimentally,  however,  that  the  rate  of  detonation  of  a 
TNl-aluminum  mixture  containing  UQ  percent  of  aluminum  is  lower  than  that  of  a 
32  percent  mixture.  The  chemical  hypothesis  is,  therefore,  not  ca  mble  of  ex¬ 
plaining  the  effects  of  aluminum  when  present  in  quantities  greater  than  32.2  per¬ 
cent. 

32.  The  results  of  blast  measurements  on  TNT-aluminura  mixtures  obtained  by 
the  British  (Ref,  F)  are  tabulated  below,  the  blast  measurement  bein ,  piver*  as 
the  ratio  of  the  average  impulse  to  that  of  TNT: 
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Bomb  Filler 

Avuraee  Impulse  Ratio  to  TNT 

TNT 

1.00 

• 

90/10  TIJT/Al 

1.18 

85/15  TNT/ U 

1.20 

80/20  TM/a 

1.26 

• 

75/25  TCT/Al 

1.30 

70/30  TCT/Al 

1.37 

65/35  TNT/a 

1.33 

60/40  THT/A1 

1.28 

The  impulse  of  the  shock  wave  resulting  from  the  detonation  of  ThT-xlumiaun  in¬ 
creases  with  additions  of  aluminum  to  TNT  up  to  a  maximum  value  for  a  raixture 
of  approximately  30  percent  of  aluminum. 


33*  It  has  been  shown  (Ref.  G)  that  a  chares  of  Torpex-2,  TNT/RDR/.JLj 
40/42/13  has  an  impulse  indistinguishable  from  tnat  of  a  charge  composed  of  a 
core  of  Composition  B,  comprising  70  percent  of  tne  weight  of  the  charge,  and 
a  surround  of  TNT/Al:  40/60,  comprising  the  remaining  30  percent  of  the  charge 
weight.  The  overall  composition  of  the.  cored  charge  is  that  of  T~rpex-2.  In 
the  care  of  Torpex-2,  therefore,  the  explosive  may  be  separat  >  its  com¬ 
ponent  parts  without  affecting  the  blast  performance  of  the  e  0  appreciably. 

This  has  boon  accounted  for  by  the  hypothesis  that  after-burm...^  .ccurs  and  re¬ 
sults  in  an  increase  of  the  energy  of  detonation. 


34.  Further  support  of  the  hypothesis  of  after-burning  is  given  by  the  re¬ 
sults  of  blast  measurements  on  S3X  charges  composed  of  a  bursting  charge  of  64/40  1 
granular  TNT/magnesium  surrounded  by  a  chargo  of  2  pounds  of  flake  aluminum,  (Ref. 
H).  The  amount  of  oxygon  available  for  combustion  of  the  after-products  of  the 
detonation  was  varied  by  the  amount  of  opening  in  the  closed  chamber,  largo  and 
small,  and  Ky  firing  in  the  open.  Tho  effect  of  varying  the  avaiich  ,0  oxygen  on 
the  peak  pressure,  impulse,  and  duration  of  positive  impulse  is  shown  in  the 
following  tsolc  (Ref.  H): 


Vent. .  z 

Opon 
Large 
Small 


•  5 

Pressure 

Impulse 

Duration 

^  | 

(lbs. /so. in. ) 

(lb.-millj  scc./sq.in. ) 

(milliscc. 

2.0 

10 

10 

4.1 

194 

88 

4.2 

421 

170 

In  addition,  tr.v.  pressure-time  curves  show  the  contribution  of  the  combustible 
surround  by  tne  suo«.rposition  of  a  smooth  hump  on  tho  orossuro-time  curve  of  tho 
burster.  It  may  then  bo  concluded  that  the  aluminum  burns  in  the  atmosphere  after 
the  detonation  wave  ms  passe'd  and  is  affected  by  tho  amount  of  oxygen  in  the 
air.  The  combustion  of  the  aluminum  takes  place  ovor  3  considerable  length  of 
time  and  h.s  be*en  estimated  to  be  only  about  one  third  complete  when  burning 
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35»  The  results  of  intensity  end  duration  of  flash  tests  conducted  at  this 
Arsenal  using  TUT  and  92/ 3 ;  TNT/ aluminum  for  shell  filler  (Ref,  I)  showed  that 
the  addition  of  8  percent  of  aluminum  to  Till  increased  by  58  percent  the  total 
duration  of  flash  resulting  from  the  detonation  cf  TUT. 

36.  It  is  concluded  from  the  results  of  blast  measurements  and  flash  duration 
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measurements  that  the  aluminum  in  a  TNT/ aluminum  mixture  i3  present,  immediately 
following  the  passage  of  the  detonation  v/ave,  predominantly  as  metallic  aluminum. 
It  is  further  concluded  that  the  aluminum  reacts  at  a  later  time,  several  times 
the  length  of  time  required  for  the  charge  to  detonate  complecely,  with  the 
oxygen  of  the  atmosphere  and  perhaps  v/ioh  the  products  of  decomposition  of  the 
TOT.  In  view  of  those  conclusions,  the  validity  of  the  reaction  theory  as  an 
explanation  of  the  effect  of  aluminum  on  the  rate  of  detonation  of  TUT  is  question¬ 
able.  The  thermal  theory  of  reaction  mechanism  .is  far  more  valid  as  the  data 
presented  do  not  contradict  this  theory.  On  the  other  hand,  fhe  rapid  burning 
of  the  aluminum  in  the  atmosphere  following  the  detonation  requires  heating  of  the 
aluminum  to  the  ignition  temperature  before  reaction  takes  place. 

37.  In  view  of  the  evidence  against  the  chemical  reaction  hypothesis  and  the 
plausibility  of  the  thermal  dilution  hypothesis,  the  latter  .dll/oe  assumed  to 
be  the  primary  mechanism  resulting  in  the  decrease  in  the  rate  of  detonation  of 
TOT  with  additions  of  aluminum.  The  thermal  hypothesis,  although  previously  pro¬ 
posed,  does  riot  postulate  any  condition  which  controls  the  amount  of  heat  extracted 
by  the  aluminum  particles  during  the  reaction  period.  An  extension  of  the  thermal 
hypothesis  is  presented  here  which  is  capable  of  explaining,  within  the  right 
order  of  magnitude,  the  effects  on  the  rate'  of  detonation  of  TNT-aluainum  oi  the 
five  observed  parameters^  namely,  grain  size  of  TNT,  grain  size  of  aluminum, 
charge  diameter,  loading  density  oi  mixture,  and  aluminum  content  of  mixture. 

The  theory  is  based  on  the  following  three  basic  concepts: 

a.  Hydrodynamic  theory  of  detonation  waves. 

b.  Theory  of  explosive  reactions. 

c.  Theory  of  heat  flow  into  a  cold  sphere  from  a  constant  heat 
reservoir. 


38.  The  progress  cf  a  detonation  through  a  charge  of  explosive  is  measured 
by  the  velocity  along  the  charge  of  the  zone  of  chemical  reaction  which  takes 
placo.  This  velocity  is  called  the  detonation  velocity.  Hie  reaction  zone  immedi¬ 
ately  behind  the  detonation  front,  in  which  the  explosive  decomposes  and  the  pro¬ 
ducts  arc  formed,  is  characterized  by  an  immediate  and  very  large  increase  in 
pressure  and  temperature.  The  detonation  products  also  acquire  a  high  forward 
velocity.  The  time  required  for  the  explosive  to  react  essentially  to  completion 
is  so  short  that  the  zone  of  reaction,  under  favorable  conditions,  is  very  narrow. 
As  a  consequence,  a  mathematical  plane  dividing  the  unreactcd  explosive  from  the 
zone  in  which  reaction  is  taking  placo  and  travelling  along  the  charge  with  the 
detonation  velocity,  D,  is  followed  very  closely  by  a  plane  dividing  the  reaction 
zone  and  the  completely  reacted  gases.  For  purposes  of  mathematical  analysis, 

the  reaction  is  assumed  to  take  place  so  fast  that  the  thickness  ox  the  reaction 
zone  is  infirdiessimal. 

39.  Tho  theoretical  derivation  of  the  equations  from  which  the  detonation 
velocity  may  bo  calculated  is  dupendent  upon  the  conditions  across  the  discon- 

,  tinuity,  i.o.  the  boundary  between  tho  unreacted  explosive  and  the  detonation 
products.  Five  basic  conditions  aro  applied  to  the  discontinuity: 

•  a.  The  law  of  conservation  of  mass. 

b.  The  lav/  of  conservation  of  momentum. 

c.  The  law  of  conservation  of  energy. 

d.  The  conditions  of  tho  entropy  function. 

e.  Tho  ideal  gas  law. 
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As  a  result,  two  equations  aro  obtained  which  enable  one  to  calculate  the  de¬ 
tonation  velocity  provided  the  gaseous  products  act  like  a  pcrfocf  gas  (Ref. 


h  n2  R  Tj 

ari 


i  /  c±  (Ti  -  T0) 


di  =  (n  /  i)  \ 

V  )'i u 

in  which  the  symbols  have  the  following  significance: 
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Di  -  the  detonation  velocity  (in  meters  per  second)  assumin,  tiul  the  pro¬ 
ducts  act  like  a  perfect  gas. 

fi  -  the  temperature  of  the  products  (in  degrees  absolute). 

,°  ~  H)0  initial  temperature  of  the  explosive  (in  degrees  a  .solute). 

I*  -  tho  gram  molecular  weight  oi  the  explosive. 

n  -  tho  number  of  raoies  of  gaseous  products  formed  from  II  grams  of 
explosive. 

R  -  tho  gas  constant  in  the  ideal  gas  law. 

Q  -  tho  heat  of  reaction  at  constant  volume  (hoat  absorbed)  per  M  grams 
of  explosive  at  the  initial  temperature,  Tq« 

yi  -  the  ratio  of  the  specific  h-ats  of  the  products  of  decomposition  et 
constant  pressure  to  constant  volume  at  the  temourature  of  the  pro- 

_  ducts,  Ti. 

Ci  -  the  mean  heat  capacity  of  1  grams  of  tho  burnt  gases  at  constant 
volume  from  temperature  T0  to  T^. 


If  Q,  n,  and  L  are  known,  oho  dependence  of  Cf  and  ^  on  the  temp.. a bur o  Tj  is 
J0*?f  ^d  reaction  is  assumed  to  proceed  quantitatively  so  that  s rafts  in  the 
equilibrium  of  the  products  do  not  affect  the  dependence  of  n  and  1}  on  tho 
temperature  Ti.  Then  the  temperature  Ti  and  the  ideal  rate  of  detonation,  D< , 
may  bo  calculated  from  Equations  13  and  7  4 , 


,  Snc  c^c^'^ion  of  the  ideal  rate  of  detonation  is  seen  to  be  inde¬ 
pendent  of  density  of  the  charge.  The  high  pressures  which  are  encountered  in 
catenations  of  solid  high  explosives  cause  the  gas  relations  to  denart  radically 
xrem  those  of  the  ideal  gas  and  a  dependence  of  detonation  rate  on  densitv  of 

ZZi03^  is  3lv,cys  Obsorvcd-  An  equation  of  state  has  been  proposed  iJiich  will 
account  for  the  oenavior  of  the  gaseous  products  of  decomposition  of  high  ex¬ 
plosives  at  high  temperatures  and  pressures  and  hr.s  tho.  following  form  (Ref.  J): 


Pv!I  s  n  R  T  (1  /  x  cb  x)  Sq.  15 

in  vrfiich  x  -  K  /  T*  v  if, 

"h crc  a  s  0.25,  b  «  0.3 


I 


pn.d  -.‘®  tho  «pccific  volume  of  the  products  at  the  detonation  tcmoercturo  T, 
r  is  the  detonation  pressure  in  the  burnt  gases,  and  K  is  the  covoiumo  of  the 
osseous  products  at  tho  temperature  T.  It  is  found  that  x  is  pro  aortional  to  tho 
loading  density  of  the  explosive.  The  analysis  of  the.  fundamental  equations, 
u®1f1£  823  law,  liquation  15,  leads  to  tho  conclusion  that  tho  ratio 

of  the  theoretical  detonation  rate,  D,  calculated  using  the  imperfect  gas  law, 
ta  tno  ideal  detonation  rate,  Di,  Is  a  function  of  x  and  therefore  of  the  loading 
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density,  d,  of  the  explosive.  Therefore,  a  knowledge  of  Tj.,  D^,  and  the  co- 
volume  constant  K,  enables  one.  to  calculate  the  theoretical  detonation  rjt«-, 

D,  for  any  loading  density,  d. 

41.  In  accordance  with  the  hydrodynamic  ineory,  a  decrease  in  the  heat 
of  reaction,  2,  will  result  in  a  decrease  in  the-  temperature  Ti  and  T,  and  in 
Di  and  D  for  a  given  loading  density.  The  theory  of  thermal  dilution  and  its 
"effect  on  the  rate  of  detonation  of  TNT-aLiminum  mixtures  postulates  that  thermal 
energy  is  extracted  b/  the  aluminum  particles  m  the  mixture  during  the  time  of 
decomposition  of  the  explosive.  The  effect  of  extracting  energy  during  the 
reaction  is  to  decrease  the  heat  of  reaction  and  we  may  then  define  a  new  heat 
of  reaction 


Q*  :Q-JQ  Eq.  16 

in -which  ,j  Q  is  the  quantity  of  heat  extracted  by  the  aluminum  per  aole  of  ex¬ 
plosive  and  is  the  quantity  of  thermal  energy  remaining  in  the  reaction  zone 
which  is  available  for  increasing  the  temperature  of  the-  reaction  products.  The 
quantity  must  be  used  in  Equation  13  in  the  calculation  of  the  theoretical 
detonation  rate,  D,  when  thermal  energy  is  extracted  during  the  reaction.  The- 
detonation  velocity,  D,  and  thu  detonation  temperature  Tf  at  four  loading  densities 
for  assumed  values  of  4Q  have  been  calculated  for  TNT.'  The  results  arc  tabulated 
in  TaDlv.  VIII  and  are  shown  plotted  in  Figure  V. 

•  Theory  of  Explosive  Reactions 

42.  It  is  observed  that  the  hydrodynamic  theory  does  not  consider  the  effects 
of  grain  size,  confinement,  or  diameter  of  a  bare  charge.  In  particular,  the 
hydrodynamic  theory  postulates  a  condition  such  that  the  ratio  of  the  thickness 

of  the  zone  of  reaction  to  that  of  the  charge  diameter  is  very  small.  Such  would 
bo  true  for  any  finite  length  of  reaction  zone  when  the  explosive  extends  in¬ 
finitely  in  the  reaction  piano,  normal  to  the  direction  of  the  detonation  wave. 

From  a  practical  standpoint,  perfect  confinement  is  not  obtained  and  in  the  case 
of  bare  ehafgcs  having  no  confinement,  effects  of  charge  diameter  and  grain  size 
have  been  observed.  The  theory  of  explosive  reactions  partially  explains  the 
effects  of  grain  size  and  confinement  of  charge  and  enables  calculation  of  two 
quantities  which  are  required  in  the  solution  of  the  TNT-aluminum  problem;  namely, 
the  length  of  the  zone  of  ruction,  and  thn  time  of  reaction. 

43.  As  the  detonation  wave  proceeds  through  an  explosive  charge,  decomposi¬ 
tion  of  the  explosive  takes  place  in  the  zone  of  reaction.  Tho  reaction  starts 
at  some  point  in  the  zone,  presujnabl>  the  front  of  the  detonation  wave,  and  con¬ 
tinues  to  some  other  point  at  v/hich  the  reaction  is  completed.  From  a  practical 
standpoint,  the  reacting  c-xplccivo  has  a  finite  size,  i.e.  a  grain  of  explosive, 
and  tho  decomposition  will  therefore  occur  during  a  finite  time1  interval.  The 
condition  of  a  finite  length  of  reaction  zone  does  not  invalidate  the.  resales  of 
the  hydrodynamic  theory  because,  under  conditions  of  inifinito  char, a  extent  or 
complete  confinement  and  a  finite  charge  diameter,  application  of  the  hydro- 
dynamic  analysis  between  tho  two  points,  beginning  and  end  of  the  reaction  zone, 
will  yield  tho  same  result,  Thu  hydrodynamic  rato  of  detonation  is  therefore 
tho  rate  of  detonation  which  an  explosive  will  have  under  conditions  of  perfect 
confinement. 


44.  The  decomposition  reaction  in  a  detonating  explosive  takes  place  at  a 
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definite  rate  and  may  be  calculated  by  moans  of  absolute  reaction  rate  theory 
(Ref.  K  and  L).  Two  reaction  mechanisms  have  been  proposed  (Ref.  K)  for  explosive 
detonations: 

a.  A  homogeneous  /-.action  in  which  thv  reactant  decomposes  to  the  pro¬ 
duct  gases  directly  through  formation  of  activated  molecules  cf  the 
reactant. 

b.  A  surface  or  two  thirds  order  reaction  in  which  the  r  actant  vaporiss 
and  reaction  then  proceeds  in  the  vapor  phase  to  form  the  products. 

An  analysis  has  shown  that  mechanism  (a)  is  not  likely,  inasmuch  as  the  reaction 
must  start  at  tho  surface  of  a  grain.  Thermal  conduction  is  inadequate  to  heat 
the  interior  of  a  grain  during  the  reaction  time  and  the  interior  will  not  be 
heated  sufficiently  to  cause  it  to  decompose.  In  addition,  the  work  done  by  a 
shock  wave  front  on  a  particle  is  not  sufficient  to  raise  the  temperature'  of  a 
grain  high  enough  so  that  the  reaction  could  take  place  homogeneously.  In  the 
case  of  the  surface  reaction,  (b),  the  sensitivity  of  the  detonation  to  particle 
size  requires  a  dependence  on  grain  size  or  surface  area,  thu3  necessitating  that 
the  vaporization  process  bo  the  rate  controlling  factor.  The  reaction  rate 
equation  then  becomes  that  of  the  vaporization  reaction  and  has  the  form: 


products) 

dt 


=  k  (surface) 


Eq.  1? 


where  (product)  and  (surface)  refer  to  the  molecular  concentration  in  the  vapor 
phase  and  solid  surface.  The  aosolute  reaction  rate  for  tnu  vaporization  reaction 


e  _  KT  -df/kT 
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in  which  k  is  the  specific  reaction  rate  constant,  4  F  thu  standard  free  energy 
change  for  a  mole  of  activated  complex  frera  tho  reactants,  K  is  Soltanan's  con¬ 
stant,  Ji  is  Plank*s  constant,  T  the* absolute  temperature,  and  R  13  the  cas  con¬ 
stant.  Applying  Equation  13  to  the  vaporization  process  (Eq.  17)  v/e  obtain  the 
differential  equation  (Ref.  K.) 


-3asgS  KT  9  -^/RT 

dt  s  FT 


in  which 


m  -  the  number  of  molecules  m  one  gram  of  solid, 
g  -  the  mir.jcr  of  explosive  grains  per  gram  of  solid. 

S  -  the  surface  area  of  one  g:  ain. 

3  -  area  occupied  by  one  molecule. 

Letting  U  s  n  mQ 

g  =  3  v0/4rr  r£ 

S  2  n 2/3 

s  2  (Vo/n^)2^ 

where  -  the  initial  number  of  molecules  per  gram  in  the  solid. 

VQ  -  the  specific  volume  of  a  grain 
rc  -  the  initial  radius  of  a  grain 
n  -  the  fraction  of  unroacted  material, 

the  tiffie  to  completion  is  obtained  by  solving  Equation  19  between  the  limits  1  to 


,  •*'  A  1 
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zero  for  n,  and  0  to  for  t.  The  following  equation  is  obtained: 

h  tm  a/3  4F/RT 

X  "  r°  kT  (Vq)  *  Zq°  20 

In  a  stable  wave,  the  tine  of  reaction  -ls  aven  approximately  by  the  time  required 
for  the  detonation  wave  to  traverse  the  length  of  the  reaction  zone,  a^,  or 


H  =  al  /  ^ 

Substituting  Equation  21  in  Equation  20,  we  obtain 


al 


rn  D 


iL.  (fib) 

KI  ro 


1/3  A  f/rt 


Eq.  21 


Eq.  22 


Analysis  of  the  equation  using  values  pertinent  to  TNT  shows  that  a  good  approxi¬ 
mation  to  Equation  24  is  given  by 

A  F/RT 


a  =  r0  e 


Eq.  23 


which  will  be  assumed  in  calculations  of  the  length  of  the  reaction  zone.  The 
equation  shows  that  to  a  first  approximation,  ai  is  directly  proport \onal  to  the 
grain  radius,  r0,  and  that  the  length  of  the  rCTction  zone  depends  greatly  on  the 
detonation  temperature,  T. 

45*  Although  the  time  for  the  detonation  wave  to  travel  the  length  of  the 
reaction  zone,  aq,  is  given  by  Equation  21  with  reference  to  a  fixed  observer, 
the  reacting  particle  is  travelling  in  the  same  direction  as  tne  wave  and  spends 
a  longer  time  in  the  zone  of  reaction.  The  true  time  of  reaction,  t^,  which  is 
the  time  for  the  particle  to  remain  m  the  reaction  zone,  has  been  shown  to  be 
(Ref.  L)  given  to  a  first  approximation  by 


in  which  dq/d  is  the  ratio  of  the  density  of  the  products  at  the  end  of  the  zone 
of  reaction  to  the  loading  density.  The  ratio  dq/d  can  be  calculated  from  the 
hydrodynamic  theory.  From  Equations  23  and  24,  it  is  seen  that  ap  depends  on  the 
grain  size  and  temperature  but  is  independent  of  the  density,  whereas,  tq  is  de¬ 
pendent  on  the  loading  density,  d,  through  the  rate  of  detonation,  D. 


46.  Values  of  ap  have  been  calculated  using  various  assumed  values  of  the 
grain  radius  and  the  temperatures  corresponding  to  the  values  of  aQ  used  in  the 
hydrodynamic  calculations  and  tabulated  in  Table  VIII.  The  results  arc  included 
in  Table  IX  and  are  shown  plotted  in  Figure  VI.  In  calculating  the  value  of 
A  F  was  taken  to  be  22500  calories  per  mole,  which  has  been  proposed  as  a  result 
of  several  types  of  analyses  of  tho  r3tc  o l  detonation  of  TNT  (Ref.  L).  As  the 
detonation  temperature,  T,  varies  little  with  density  and  from  the  ideal  tempora- 
t<ire,  Ti,  Tp  has  been  used  throughout  the  calculations. 


Heat  Conduction  Theory 


47.  It  has  been  shown  that  if  a  certain  quantity  of  thormal  e..ergy  is  re¬ 
moved  fvom  an  explosive  reaction,  the  rate  of  detonation  of  the  explosive  will 
be  tcducod.  In  addition  to  the  reduced  rate  of  detonation,  the  detonation  tem- 


mu 
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perature,  the  Hue  oi  reaction,  .V.  t..e  lo.v,f  '-'.  tne  .eactio.  -o-'c  ^  ,-u  cal¬ 
culated  rein,,  t.lC  .vdrody. ■.:>.. lie  i  .  -or/ a  .;  t.-j.-’o*/  oi  ■.-n.pio.i  .«  .  —  ct.ro*,*.  in 

order  to  solve  tne  rNT-aituunun  -ruble.;,,  it  ir  necessary  to  4«tj.  ti  j  t.v. 
quantity  oi  host  wnich  will  be  extracted  iro.u  t..-  reaction  zone  j  ...  ;. iifiiriinu 

i..e  proolea  a'iconos  that  of  deter. o..r.x..p  ho.-:  ....cr.  tier  .v  i  eter  ,y  *..  •  1  r  inur 

particles  ca  i  aosoro  daring  t.  e  icacoio.  ti..e  a*.'  r.v  ir.e  vjjii  j  ....care. 

i  .e  folio  :x....  ass'tu  jtions  3ro  .a  le  iii  .  ,e  ap^lxcutio  .  oi  tre  ler. .  to  ex.  on 
equations: 

a.  i>e  alu..vrv.i.n  par tic  us  are  spherical. 

b.  £:.e  all.  i  .e...  ra;tic  .e  is  suopeett’d  to  t  .e  ’cto.-ation  Mature 
tnrou  ..out  tue  interval  o i  ti.it  it  xs  1.1  t..t  lu-ictio.i  no..o. 

c.  r.'.e  alxuiau..i  o.rtic...c  is  assi.it .  to  oc  m  t  it*  sons  o.  r Ction 
d  irmj  the  ti.  .e  t]_. 

d.  fj.e  coe.ficiOit  oi  soriace  jesxst3.ice  to  heat  co xt*c, .  at  the 
soiid-was  interface  ->3  .ie,  iijioiu. 

e.  fhe  extraction  oi  b  to,  the  alui.unxi  particle  uftj.  loavts  tr.e 
reactxou  zone  ill  ,ot  lurt  isr  alitct  the  roaclxo.  a.n  Tiereiore 
the  r3te  oi  detona  On. 

48.  Ii  a  sphere  01  co.UaC.sin_,  ..si/erual  at  a  UxUxor.i  te„j<  .at  _  c  „.s  in¬ 
stantaneously  suojected  to  a  ni,_n  vs. wt. ntu. e,  heat  ..ill  xlo.v  1.0.1  ■,  e  x.rrcujid— 
in,  s  into  the  sphere  aac.  raise  tue  a=  ..  or? tine.  Tne  ,.roole..i  .s  o  „  oi  ..cat  con- 
ductio  1  in  tie  unsteady-state  a..J  has  seen  solvtd  by  ,.ics.ns  oi  ro„ivi  ju its  aaol- 
psis  (!el.  u.) .  T..e  solution  is  _.ivca  in  ohe  iollov/i.i  iorr.i: 

/  2C  r  ~a2,r2  ^  -4a2*-2 

u  *  T  (ro  “  r)  *  €  ^  ->  - 57“  fc  sin  2'L£ 

_9a2<2  {-- 

1  ainS/it  ...."j  j,-.  25 

m  ihich  u  is  tne  tc..o*.i*atui  e  at  anp  point  r  distance  irou  t..e  ti.„x  -T  the 
sp.nere,  c  is  tr.c  radius  01  t’>e  s..nerd,  To  and  f  3ie  the  initial  s  *..atiue  of 
tne  sphere  aid  temperature  oi  4*1  round  in  j  0  (detonation  le  .pent.u  e),  t  is  the 
reaction  time,  and  a_  is  tne  t.ier.oal  dii f usivity,  C.j  is  the  specx  ■'  .act  of 
alu.ai.nun  and  da  is  tne  density  oi  alu  ii.iiun.  Die  quantity  of  near.  -•  jsorh.ed  by  the 
particle  in  tine  t  i3  • 


H  ■  ■  da  Ca  (u  -  T0)  .. r 
•So 


*j'  9  *-0 ' 


in  ..t.xch  v  is  the  volume  oi  tne  .nrtacle.  The  solution  oi  J.,;ac.iou  2b  is 
/«  2 
H  "  4fda  Cp  3  /  2Cj( Tp-T)  0  ^2  t  ,  C3 (W)  "c2  t 

IflTT  2/? 2 

/  §  -pln~7)  e  C-  v  j  -  j^Cp  da  C3  T0  3.;.  27 

«  t 

As  tne  ..eif.lt  of  one  yrain  of  aiu.nnu.'i  is 

9  f  ^C3  da 
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the  number  of  grains  per  mole  of  aluminum  is  given  by 

N  «  L'  /  (4/3)  c3  da  3q.  28 

where  H  is  the  molecular  weight  of  aluminum.  The  quantity  of  heat  absorbed 
by  one  mole  of  aluminum  particles  will  then  become 

3a  s  H  N  *  3q.  29 

Values  of  have  been  calculated  for  aluminum  particles  of  25  and  50  microns 
radius  and  temperatures,  £>  of  3000  and  2000°K.  for  various  values  of  tq.  The 
following  numerical  values  were  assumed:  ~™ 

a^  =  .7781  sec.**^ 

Cp  =  .2595  cal  /gram-°C. 
dg  •  2.70  grams/cc. 

T0  a  300°K. 

The  results  of  the  calculations  are  tabulated  In  Table  X  and  are  shown  plotted  in 
Figure  VII. 

Theory  of  Thermal  Dilution 


49.  The  solution  to  the  calculation  of  the  effect  of  aluminum  on  the  rate 
of  detonation  of  TNT  lies  in  the  simultaneous  soluti  n  of  the  hydrodynamic 
equations,  the  reaction  theory  equations,  and  the  heat  conduction  equation.  As 
the  hydrodynamic  calculations  are  based  on  the  quantity  of  heat  extracted  per 
mole  of  TNT,  it  is  necessary  to  express  the  results  of  the  heat  conduction 
equations  in  the  3amo  manner.  The  moio„  of  aluminum  per  mole  of  TNT  is  given 
by  the  following  relation, 

9  -  U  A  /  Ua  (1  -  A)  Sq.  30 

in  which  M  and  are  the  molecular  weights  of  TNT  and  aluminum,  and  ^  is  the 
weignt  frtctj.cn  of  aluminum  in  the  mixture.  The  heat  extracted  by  the  aluminum 
particles  in  the  mixture  is  then 

9  Qa  calories  per  mole  of  TNT. 

The  solution  of  the  problem  requires  the  following  equalities: 

Theory  Heat  conduction  theory 

Hydrodynamic  J  Q  ;  6  ^ 

Hydrodynamic  Tj,  a  T 

Explosive  reaction  t]_  =  t 

From  the  value  of/Sj2  anc*  the  relationship  between  4^  and  D  which  is  shown  plotted 
on  Figure  V,  the  rate  of  detonation,  D,  may  be  calculated?  The  value  of  the  rate 
of  detonation,  D,  which  is  obtained  is  the  hydrodynamic  rate  and  i3  only  to  be 
obtained  under  conditions  of  complete  confinement  or  infinite  extent  of  the  ex¬ 
plosive  charge. 

50.  In  considering,  the  case  of  explosives  of  low  energy,  i.o.  amatol, 
ammonium  picratc,  and  TNT,  the  ratio  of  ths  length  of  the  reaction  zone,  aj_,  to 
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the  charge  radius,  r.  is  large  and  a  conside-rablc  portion  of  the  energy  of  detona¬ 
tion  is  dissipated  latoraliy.  Under  given  conditions  of  charge  diameter  and  ex¬ 
plosive  grain  size,  the  decrease  in  temperature  of  detonation  caused  by  additions 
of  a  thermal  diluent  (aluminum)  causes  an  increase  in  the  length  of  the  reaction 
zone,  thereby  accentuating  the  effects  of  lateral  expansion.  In  particular,  in 
the  case  of  no  Confinement  sich  as  is  present  in  firings  of  a  bare  .;..argc,  if  the  . 
decomposition  reaction  in  particular  ru^iod  of  the  zone  of  reaction  has  only  gone 
to  partial  completion  when  the  expansion  occurs,  the  remaining  re-action  will  tiko 
place  as  if  the  initial  density  of  loading  of  the  explosive  Were  loss,  thereby 
affecting  the  pressure  and  temperature  of  the.  reaction  zone  and  resulting  in  a 
lower  rate  of  detonation  than  the  race  of  detonation  obtained  .ath  complete  con¬ 
finement,  D.  Unless  tho  temperature  decrease  is  so  great  that  tno  reaction  tem¬ 
perature  will  not  bo  sufficient  to  cause  decomposition  of  the  explosive  and  there¬ 
fore  cause  failure  cf  tho  wave  to  propogato,  the  rate  of  detonation  will  decrease 
from  the  hydrodynamic  rate  of  detonation,  D,  to  some  lower  velocity,  D3,  called 
the  stable  rato  of  detonation.  Analysis  of  the  problem  from  the  standpoint  of 
explosive  reaction  theory  (Ref.  L)  has  resulted  in  an  approximate  equation  re¬ 
lating  <  ’  c  hydrodynamic  rate  of  detonation,  D,  to  the  stable  rato,  Dg,  in  terms 
of  tho  .  ,  'gth  of  the  reaction  zone,  ai  and  th<-  charge  radius,  £.  TUT  equation  has 
tho  form,  t 

Da  ■  D  (1  -  ai/2r)  Fq.  31 

Tho  stabl*  rate  of  detonation  is  measured  when  bare  charges  are  fired  and  i3  the 
theoretical  rate  of  detonation  which  It  is  desired  to  calculate  for  comparison 
of  theoretical  and  experimental  results. 

Method  of  Calculation 


51.  Tho  method  of  calculating  tho  stable  detonation  nto,  Da,  will  be  de¬ 
monstrated  assuming  a  charge  composed  of  an  80/20:  TNT/Al  mixture,  containing 
TNT  grains  having  an  average  particle  radius  of  .0025  cm.  (25  microns)  and  aluminum 
particles  having  an  average  radius  of  25  microns,  a  charge  diameter  of  one  inch 
(2.54  cm.)  and  a  loading  density  of  1.50  grams  per  cubic  centimeter,  From  the 
hydrodynamic  theory,  values  of  4  Q,  Ti,  and  D  aro  obtained  for  a  density  of  1.50 
grams/cc.  (Table  VIII).  The  quantity  d]/d  i3  also  calculated  from  u.ic  hydro- 
dynamic  theory  for  a  density  of  1.50.  The  results  are  tabulated  as  follows: 


4Q 

Ti 

D 

(Cal./moio) 

(°K) 

(meters/sec.,) 

dl/d 

0 

2904 

6882  •  __ 

1.303 

6400 

2300 

6826  '  .  • 

1.302 

12070 

•• '  2700 

6755 

'  1.301 

19000 

•  2600 

6682  •  - 

'  1.301 

25030 

2500 

6608  ■  * 

1.299 

37070 

2300 

6455 

1.297 

50000 

2100 

6296 

1.295 

62040 

1900 

6143 

1.292 

From  tho^reaction  r.to  theory,  (Equation  23  for  the  length  of  the  reaction  zono, 
al»  Equation  24  for  tho  time  of  reaction)  we  obtain  the  following  values: 


2901 

6882 

.1251 

.2369 

2800 

6826 

.1117 

.2760 

2700 

6755 

.1682 

.3210 

2600 

6682 

.1978 

.3851 

2500 

So  08 

.2355 

.1631 

2300 

6155 

.3197 

.7026 

2100 

6296 

.5599 

1.152 

1900 

6113 

.9897 

2.0C1 

swy 

pn 


The  heat  conduction  equation  (liquation  27)  is  now  evaluated  for  the  above 
corresponding  values  of  T  and  t,  and  the  quantity  of  heat  extracted  per  mole  of 
aluminum,  Qa  (Equation  29),  is  obtained.  From  Equation  30  the  value  of  0,  the 
moles  of  aluminum  per  mole  of  TNT,  is  obtained  and  the  quantity  of  heat  absorbed 
per  mole  of  TNT,  0  Qa,  then  calculated..  The  results  of  the  heat  conduction  cal¬ 
culations  are  as  follows: 

•V 

mole 


t  (raicrosec. 


cal. /mole 


The  two  sets  of  results  are  now  solved  simultaneously  for  the  conditions 


"!hen  ti  m  t,  the  method  of  calculation  also  requires  that  Tj.  =  T.  The  solution 
has  been  obtained  graphically  and  is  shown  in  Figure  VUL  The  value  of  Q  obtained 
is  19,700  calories  per  mole  of  TNT.  From  Figures  V  and  VI,  the  corresponding 
values  of  D  =  6666  and  aj.  a  .205  are  obtained.  From  these  values  and  Equation 
31,  the  stable  rate  of  detonation,  Dg  u  6128  is  obtained. 

52.  The  theoretical  stable  rates  of  detonation,  D  ,  have  been  calculated 
for  TNT-aluminum  mixtur-.s  containing  from  zero  to  30  percent  of  aluminum,  assuming 
values  of  25  and  50  microns  for  the  radius  of  the  aluminum  particles  and  values 
of  16,  25,  10  and  55  microns  for  the  average  radius  of  the  TNT  particles.  The 
calculations  have  been  made  assuming  one  inch  a. id  two  inch  diameter  charges  which 
are  completely  unconfinod.  It  is  to  bo  noted  that  the  density  used  in  the  cal¬ 
culations  is  that  of  the  TNT  component,  dy.  The  results  of  the  calculations  are 
plotted  in  the  following  manner  in  order  to  shew  the  effects  of  the  various 
parameters  on  tho  rate  of  detonation  of  TNT-aluminum  mixtures  from  a  theoretical 
point  of  view: 

Figure  II,  The  rate  of  detonation-density  relationships  for  TNT-aluminum 
mixtures  are  plotted  for  various  percentages  of  aluminum  and 
assumed  values  of  25  microns  for  tho  radius  of  tho  •  uminum 
particlus  and  55  microns  for  tho  radius  of  tho  T?JT  .articles. 

The  curves  aro  typical  for  all  mixtures  and  show  tho  parallelism 
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between  linos  of  various  aluminum  content. 

Figuro  t.  The  relationship  between  the  rate  of  detonation  and  radius 

of  the  T\T  particles  at  constant  aluminum  content  ia  bhuwn  for 
various  percentages  of  aluminum,  assuming  mixtures  containing 
sluainua  particles  of  25  and  50  aicrons  radius.  Tho  density 
of  tlio  TNT  component  of  tho  mixture  is  assumed  constant  (1.57 
Srams/co.). 

Figure  XI.  Tho  relationship  between  the  rate  of  detonation  and  particle 
radius  of  the  l’NT  component  is  shown  for  various  percentages 
of  aluminum  in  the  mixtures  and  charge  diameters  of  1  and  2 
inches.  Tho  density  of  the  TNT  component  is  constant  (1.57 
grams/cc.)  and  thu  radius  of  the  aluminum  particles  is  assumed 
to  bo  25  microns. 

53*  It  is  seen  from  Figure  IX  that  the  effect  on  the  rate  of  detonation  of 
TNT-aluminum  mixtures  increases  with  successive  additions  of  aluminum.  Has  is 
shown  by  the  following  values  (Figure  IX)  of  fhe  decrease  in  rato  of  detonation 
with  successive  additions  of  10  percent  of  aluminum: 

Decrease  in  Rate  of  Detonation  (maters/sec. )  Aluminum  Content 


346  0  to  10  percent 

628  10  to  20  percent 

1335  20  to  30  percent 

The  effect-  of  increasing  tho  radius  of  tho  TNT  particles  on  given  mixtures  of 
TNT-aluminum  is  shown  in  Figures  X  and  XI. 

54.  It  is  interesting  at  this  point  to  examine  tho  offects  of  variations 
ir.  particle  radius  of  the  aluminum  and  TNT  and  charge  diameter  on  tao  rate  of 
detonation  of  80/20:  TNT/aluminum  mixtures.  Tho  effect  of  varyin^,  the  aluminum 
particle  size  is  shown  in  Figure  10.  Tho  following  taDle  shows  the  decrease  in 
rato  of  detonation  of  TNT  caused  by  additions  of  20  percont  of  aluminum  for  mix¬ 
tures  containing  the  following  size  of  particles: 


Radius  of  TNT  Partic.le 
(in  microns 


Decrease  in  Hate  of  Detonation 
meters  per  second 


Radius  of  Aluminum  Particle 
25  microns  50  macrons 


It  is  to  bu  not-d  that  although  mixtures  containing  particles  of  cither  25  or  50 
microns  radius  show  the  same  decrease  in  rato  of  detonation  (420  meters  per 
Second)  tho  actual  rate  of  detonation  of  the  mixture  composed  entirely  of  particles 
of  50  microns  radius  is  348  mut>.rs  pur  second  lower  than  that  containing  particles 
of  25  microns  radius.  In  tho  extreme  comparison  the  abovo  mixtures,  tho  mixture 
composed  of  25  microns  radius  aluminum  and  50  micron  radius  TNT  has  a  rato  of 
detonation  which  is  1045  meters  per  second  lower  than  that  composed  of  50  micron 
radius  aluminum  and  25  micron  radius  TNT. 

55.  In  the  case  of  80/20:  TNT/aluminum  charges  having  diameters  of  1  and 
2  inches  (Figure  XI)  the  following  tabulation  shows  the  effects  of  varying  the 
charge  diamotir  and  radius  of  TNT  particles: 


Decrease  in  :aae  oi  Detonation 
(meters  por  qecu.jl 
Pi. a  m ter  of  Ch u vj: 

1  inch  2  inch 

2*  425  315 

50  J73  530 

In  tr.e  extreme  case,  ti.e  race  ol‘  detonation  of  a  1  inc.i  diameter  cuar^c  composed 
of  TNT  particles  having  a  50  micron  radius  is  1QC5  ...clo.  s  pel  jeco.ii!  io'.or  than 
a  2  inch  charge  composed  of  TNT  particles  ol  25  .mcron  radius. 

56.  It  if  thus  ooseived  that  tho  tnuory  oi  tuerutl  dil.'xon  proposed  a.d 
outlined  in  this  report  is  capable  of  .pualitati  'oly  describe..,  t..o  eifects  of  the 
five  parameters  and  predicts  the  following: 

a.  An  ir.ciease  x.i  tr.e  radxus  oi  the  Ti.’f  particles  jocreaoos  ti  e  rate 
of  detonation  oi  a  l’N i-alumnum  .rxture. 

b.  An  increase  i.i  tne  rail  is  oi  tne  alu/ainu...  , .articles  i..craases  the 
rate  of  detonation  oi  a  ThT-aluminum  mixture. 

c.  An  increase  m  tne  .da  itter  o*  a.*  unconfmed  cylindrical  charge 
increases  the  rate  of  detonation  of  a  TUT-aluminum  .  ti.hnx  e, 

d.  An  inc.eaae  m  the  densit}  of  ti.e  Thf  component  mcr e.',-ro3  the  rate 
of  detonation  of  a  Tn'T-ai  i'.unu..i  ..uxture. 

e.  The  rate  oi  detonation  oi  a  7nT-a  luminai  -axturo  ao  co  .slant  density 
of  the  E.T  component  decreases  ,#ith  additions  of  alu.  n..vun. 

Part  III.  Interpretation  of  hx  jcri..iental  hesults 

57.  It  has  been  show.i  t.u>t  mo  Theory  of  Thermal  Dilution,  proposed  and  out¬ 
lined  in  Part  II  of  ti.is  rex irt,  is  capable  of  explaining  ..ualitJwivcxy  the  effects 
of  the  various  parameters  on  the  rate  ci  detonation  of  Tb’T-aluniniv.  .xjmures.  It 
remains  to  determine  whether  the  theoretical  quantitative  results  co.  .pare  within 
reasonable  li_uit3  Uxtn  experimental ly  Observed"  rates  of  detonation.  The  data 
obtained  using  pressed  ThT-aluminum  charges  having  ixameters  of  1  and  2  inches 

and  varying  in  both  aluminum  conte  it  and  lcsdx.i-  density  provided  a  i..ear.s  for 
establishing  the  quantitative  value  of  the  theory. 

53.  As  the  theoretical  rates  oi  detonation  are  calculated  on  the  oasis  of 
the  density  of  the  TNT  component  m  the  ...xXtu;e,  d~,  xt  is  necessa.  .o  express 
the  ooserved  rates  of  detonation  in  terms  of  the  TNT  component  dc  wi,y.  Tho  rates 
of  detonation  of  charges  havx.K  a  1  inch  dxa.ieter  aid  containin’  0,  1.1,  and  20 
percent  of  aluminum  and  charges  havx.v.  a  diameter  of  2  inches  co.itai.Ujig  0  and  20 
percent  of  aluminum  are  shorn  plotted  in  r'x^ire  XIV  as  a  function  oC  t.ie  ’’ensity 
of  the  Thf  component.  The  data  shown  in  figure  XIV  snow  two  dixie. e.xes  from  the 
relationships  predicted  by  the  fr.eory  oi  Ther.ual  Dilution: 

a.  The  experimental  r3te  ol  dtto.iation-densxty  relut.  <n3iaps,  diverge 
at  lower  densities  whereas  the  theory  predicts  that  ail  rate  of 
detonation-density  rel_.tion3.ixps,  In  which  tue  gram  site  mid  charge 
diameter  aie  maintained  constant,  are  parallel  linos  -..avin^  a  slo, 
of  3040  meters  per  second. 

b.  Tne  2  inch  dxa.aeter  chorees  oi  pui e  TnT  have  lower  rates  ox  detona¬ 
tion  t.-.an  1  inch  diO^e^e r  c..arges  oi  pure  TNT. 


; _ 


It  is  evxie.it,  ho  .ever,  that  t..e  rate  of  detonation-density  roxat-o  if  ob- 
z:»x  iea  by  tiie  .DUG  xsmy  1.5  inch  iia...etcr  charges  cl  pressed  J0/.1  j  'frxto..ai  is 
-ore  .many  parallel  to  the  rciutiOi.s..ips  for  pure  ThT.  fhm  ..'-j,  'j  .lamed 
b;.  t.ie  fact  t..at  tie  average  imem  Oi  the  ThT  used  x..  prepare.'  .  c  -.r^es 
was  extremely  small  ( approximately  20  microns)  and  iuu  effects  of  v^;  x./ziowa  of 
wrain  sire  of  the  fuT  component  ir.  u-opressiu,;  from  a  low  to  hx  h:  bi  .sity  is 
snail. 

59.  The  charges  used  at  t.ds  .Arsenal  were  prepared  from  grain;..:’  VNT  in 
the  "as  received"  condxtiou.  Tl\e  material  is  prepared  by  a  gi  ami nocccs  which 
yioa-ces  l  fairly  u,aforn  coarse  particle  size.  In  _eneral,  the  nuiar  Ti.T 
before  pres  amp  '..ill  not  pass  a  U.  5.  Standard  120  mesh  screen.  It  i<-  be  assumed 
that  the  avera0e  particle  size  of  the  Till  an  the  "as  received"  co.z'.icaor.  10  the 
same  as  '.-then  the  TNT  occupies  the  zuuiznm  volume  obtainable  without  further  con¬ 
solidation,  i.e.  the  bulk  density  of  the  material.  Further  corisolifch  ion  re¬ 
quires  that  trie  void  spacingo  be  filled  v:ith  *NT  to  provide  a  hi. her  loading 
density  and  therefore  :  cguircs  tiial  the  .uatenal  be  co.vjrdnuLed,  thereby  reducing 
the  average  particle  size.  The  phenomenon  ..ill  continue  until,  at  the  crystal 
density  of  the  TNT,  the  particles  are  cf  molecular  size  or  nay  be  assailed  to  be 
of  zero  diameter.  It  is  not  mown  .  liat  tne  rel3tionsnip  oetween  density  ond  par¬ 
ticle  size  is  but  a  feu  assumptions  .nay  he  made  which  vail  not  mt  .uce  large 
errors. 

a.  The  d eusity-particle  sire  relation  is  linear  in  character  and 
satisfies  the  particle  size  value  at  the  null;  density  aid  the  re¬ 
quire,  ne.it  cf  infi.iitesLoal  particle  size  nt  the  crystal  density. 

b.  The  de.isity-pa.  tide  size  relation  is  independent  of  the  aluminum 
content  oi  a  TNi-aia-iinum  Mixture  and  is  based  on  t’.ra  I'.cncity  of  the 
Tiff  component  in  the  pressed  condition. 

As  a  preiir.dnary  netlioa  of  tuctin,  those  assumptions,  t.ue  average  particlo  size 
of  the  Ti.T  was  deter, zmed  for  ooth  t.xe  un.nesoed  material  and  pellets  of  TAT  having 
two  different  densities  and  2  inen  diameters.  The  following  data  ve:e  obtained 
(the  particle  size  of  tiie  loose  material  be.. up  correlated  with  the  bulk  density): 

Density  (grams/cc. ; 


.83  107 

1.352  56 

1.575  U1 

The  linear  relation  oetuee.i  the  density  arm  particle  radius,  rQ,  calculated  from 
the  particlo  raiiu3  at  the  bulk  density  end  the  crystal  density  of  TNT  (1.65 
grams/cc.)  is 

r0  •  216  -  132  dT  Sr.,  32 

The  deterxinr-d  particle  sizes  of  the  pelleted  material  agree  within  15  microns 
with  values  nven  by  the  linear  relation. 

60.  As  a  further  step  in  the  theoretical  analysis,  it  was  decided  to  de¬ 
termine  the  theoretical  particle  size  of  the  TNT  component  which  would  prodice 


.Ladius  oi  Average  Particle,  rc 


,  microns J 


a  given  observed  value  of  the  rate  of  detonation.  The  procedure  required  .uiowlod{p 
of  the  average  particle  radius  01  the  ait~iinam  co.-njoucr.t  ^.n  the  .ui.t  .ures.  icreen 
analjsus  of  the  alxunum  particles  beio.  «?  pressing  s..o.<ed  the  material  to  be 
comprised  23  ,-ercent  of  lart^cles  varying  from  *.4  to  14V  microns  i.i  — i-'-.-.er  and 
77  percent  w_th  a  jj.u.xeter  less  than  44  microns.  The  average  pa.  tici-  ^.lamotc/s 
were  determined  by  means  oi  s  richer  jun-sicve  Cater,  aucroscopic  e:.c-a;a tio.», 
and  from  the  screen  analysis  ol  the  material.  Values  oi  13. 6,  16.3,  and  i'>.7 
..xtrorss,  respectively,  were  obtained,  however,  m  view  of  t..e  iarpe  percentage 
of  particle^  varym^  from  44  to  149  microns  in  diameter  and  the  to:i..o..c„  oi  ’me 
maternal  to  ball  together  and  thus  form  a  single  particle  oi  larger  ef receive 
diameter  from  a  thermal  stand  point,  tne  average  diameter  of  the  axa  .mum  parti¬ 
cles  has  oeen  chosen,  as  an  appror.watlon,  to  oe  53  microns  for  nos  m  the 
theoretical  a.ialysis. 

61.  The  theoretical  particle  smes  of  the  TXT  component  in  I:  r--uim xr.un 
mixtures  have  been  calculated  by  nud  is  of  the  Theory  of  Thermal  3_iataou  arid 


various  oosorved  rates 

of  detonation. 

The  foliowi  resales  were  o 

brained: 

Percent  .'J.aainum 

Density,  dr< 

Aadius  of  Part. 

,o  Uuxcrons) 

( t~ ams/ c c . ) 

Charge  ditne- 

er  (inc.'Ks) 

1 

2 

0 

1.60 

16 

52 

1.50 

17 

55 

1.40 

7 

31 

10 

1.53 

31 

- 

1.44 

42 

mm 

1.32 

57 

•» 

20 

1.202 

49 

63 

1.320 

35 

50 

1.426 

25 

40 

1.478 

20 

31 

1.540 

14 

24 

The  values  obtained  from  data  on  2  inch  diameter  charges  agree  closely  \ath  values 
by  liquation  32.  The  values  for  the  particle  size  obtained  from  data  on  1  inch 
charges  are  approximately  10  microns  lower  than  tp.vcn  oy  Delation  Jk  but  tend 
towards  zero  at  the  crystal  density.  The  particle  size  of  the  Ini’  used  xn  pre¬ 
paring  the  1  inch  diameter  charges  -..as  .lot  determined  a3  material  ’..'as  not  avail¬ 
able  but  it  is  indicated,  from  the  fact  tiiat  the  1  inch  diameter  charges  had 
higher  ratt3  of  detonation  than  the  2  inch  diameter  charges,  tnat  the  particle 
size  of  the  material  used  in  preparing  the  1  inch  diameter  charges  ‘-as  slightly 
less  than  of  the  material  used  in  preparing  tne  2  inch  charges. 

62.  Although  it  is  indicated  that  the  two  lots  of  T1JT  used  vai'iad  in  par¬ 
ticle  size  it  is  possule  to  obtain  c.uancitative  theoretical  values  of  the  r  ales 
of  detonation  by  assuming  that  the  particle  size  of  the  T!!T  satisfies  this  par¬ 
ticle  eizo-donsity  relationship  0iven  by  Equation  32.  The  rate  of  . -onation- 
density  (TUT  component)  relations  have  ooeii  calculated  theoretically,  using 
aquation  32,  for  1  inch  char0e3  containing  0,  13  and  20  percent  of  aluminum  and 
2  inch  charges  containing  0  and  20  percent  of  aluminum  are  shown  plotted  in 
Figure  XV.  The  same  divergence  of  the  rate-density  lines  is  observed  as  >.as  ob¬ 
tained  experimentally.  The  2  inch  diameter  charges  have  a, highwr  rate  of  dutona- 
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tmu  than  the  1  inch  charges  aa  is  to  j«  ex.juctod  as  the  linear  bum..:  .by-. grain 
size  equation  presences  a  larger  TOT  grain  site  than  was  pruse.it  r  e.-.s  1  inch 
charges  and  a  slightly  a  mailer  Lrr.ia  size  than  ..as  present  m  cue  ..  mew  charges 
..ruch  were  used  m  the  aeterxmatiowu  oi  the  ratc3  of  detonation.  ..c  tver,  it  i3 
seen  that  t..e  theox  etical  and  oosei  ve:!  rates  of  detonation,  ior  all  ..’ixeui .‘a, 
agree  within  250  meters  per  second  and  it  is  indicated  chat,  -at,.  c..c  :.ccu  ate 
data  concerning  the  r.T  gram  size  pal  .tauter  ,  closer  acree.cc.it  o.  tr.o  v.  eoi  etical 
a. id  observed  rates  ...ay  bo  obtained.  It  is  thuroion  concluded  n id  a  .a  "Theory 
of  Fnermal  Dilation  is  capable  oi  predicting,  cue  rate  oi  detonation  o.  a  pressed 
7u'T-aia,'iinu.a  .-.fixture  -.Ithin  3  to  4  .percent  if  me  values  oi  c..e  various  .  ara- 
mettrs  si's  accuc  ately  imovni. 

63.  Figures  .TI  and  hill  show  the  theoretical  relationships  bed  ween  the 
rate  of  detonation  a.r!  particle  radius  01  the  ihf  component  lor  eesr.  ..  d  values 
of  t!:e  aluminum  _jartj.de  radius  of  25  .licror.s,  a  entree  dianotei  oi  n  me  i,  aiid 
various  percentages  oi  aluminum  for  two  densities  oi  the  Tiff  ccmowert.  Tiiese 
relationships  are  useful  lor  calculctin  ,  the  eiiects  of  the  vano.  c  pat  meters 
on  the  rate  oi  detonation  of  ri«T-siurunu..i  mixtures. 

CCfrCLL'SICTlS: 

64.  Additio.xS  of  aTuainun  to  TOT,  either  in  the  cast  or  pressed  condition, 

reduce  the  rate  of  detonation  of  TOT.  1 

65.  The  presence  of  segregation  of  the  aTuranum  component  oi  cast  TOT- 
aluminue. doctor e 3  caused  by  formation  of  larx  TOT  crystals  red  ices  the  effects 
of  additions  of  alu-oiruta  on  the  rate  of  detonation  of  TOT. 

66.  Five  variables  may  affect  the  rate  of  detonation  of  a  fh f- dm. anu_ a  mix¬ 
ture,  namely,  the  loading  density,  the  percent  oi  alxainma  ir.  the  .lie,  diameter 
of  a  bare  explosive  charge,  and  the  average  gram  size  ol  me  aio.nL.;’..  na  TOT 
components.  ’Thcreas  incruases  in  the  radius  of  the  aluminum  part:  ..s,  v’.u  Ji- 
anttcr  oi  an  uncoulmcd  cyimdricai  chard.-,  and  of  the  uc.nsity  ol  the  charge  re¬ 
sult  in  increased  rads  of  detonation,  additions  of  tlininuu  or  an  increase  In 
the  radius  oi  the  TOT  particles  result  in  lower  rates  of  detonation  oi  TOT- 
aluxiinum  mixtures. 

67.  Tile  1HwC1ia.ua...  oy  ...ich  abmtions  oi  aiiuinuu  r-ducs  vie  rata  of  detona¬ 
tion  of  TOT  doo3  no"  consist  of  a  reaction  ir.  which  altuiinua  13  oxidized  but 
consists  oi  absorption  of  thermal  e/urgy  by  the  aluuinua  p-jrtj.cl.  s  x.  the  reaction 
zone  during  the  that  in  •  hicn  the  TOT  is  decomposing.  The  Theory  o_  'Thermal 
Dilution,  which  is  based  upon  f.i-  H/h  odyna.vu.c  Theory,  Thu  Theory  oi  li;piosive 
"tactions,  and  equations  0:  h.at  conduction  eor  a  .metallic  sphere  i  .  t' >.  un- 
ateady  state,  n  ctptoie  01  predicting  eh e  rate  oi  detonation  oi.  a  TT-aiu.  dnura 
mixture  uitiiin  250  meters  per  second. 
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68.  Kixtui’eC  of  TOT  and  aluminum  (Grade  J)  •■■ere  cast  into  chav,  -t  20 
inches  lone  said  1  inch  in- oiaux-ter,  approximately.  The  mix  turns  ,e*  e  ..ouied  in 
the  mushy  condition  30  at  to  minimize  segregation  oi  the  aluminum.  TOt)  samples 
oi  each  casting,  one  from  each  uid,  Mere  analysed  for  aluminum  content  and  the 
valuo  for  the  chargj  assumed  as  two  average  of  the  t.*o.  All  ewarg-t  •  ere  X-rayod 
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for  blow  holes,  pipes,  cavities,  and  other  defects  including  senre^a'.^on  of  the 
aluminum  in  the  charges  and  ,x>or  Custm  s  were  rejected.  The  ciiaiy.e  densities 
v.ere  calculated  Iron  the  length,  diameter,  t:.d  weight  ol  the  char.es.  The  charges 
.vei  e  spirally  wrapped  with  a  douole  t.mckness  of  .  JOo  inch  thicR  cclivlcae  acetate 
sheet  a  id  we.  e  l.utiated  oy  means  of  four  Tetryl  pellets  (density  a.j.  .•c:a.u«teiy 
1.50  trams  per  cubic  centimelui  ,  j.995  i.ich  in  diameter  a.ii  0.75  in'.'*  long,  three 
solid  pellets  a. id  one  pellet  witn  central  hole  to  receive  a  biastin.  cap),  placed 
at  cut  end  of  tne  charge  and  a  Cor^a  of  Hi0inecrs  Slanting  Cap. 


69.  Granular  CRT  ..as  oie..dcd  ,1th  alu..u.nu...  po-./der  (Grade  fi) 
containing  0,  2,  4,  6,  6,  12  and  1G  percent  o.  aiannuram.  The  . a:;t*  : 
pressed  into  pellets  having  diameters  of  .992  inch  a. id  1.102  inch,  a  - 
-750  inch  approu_mateiy.  file  pellets  we.  e  divided  into  weight  0rc  v  . 
jams  range  and  those  groups  m  turn  into  length  groups  of  .003  !■ 
resulting  pellets,  varying  in  density  oy  approxima tciy  plus  or  ..anus 
per  cubic  centimeter,  vrnre  assemoled  into  sticks  of  2j>  pellets  each  : 
with  longitudinal  strips  of  Gcotch  Tape.  The  stic.es  were  then  vara  pa' 
in  the  same  manner  as  the  cast  charges. 


lOi.v.  oatenes 
-.  ere  then 
■  a  length  of 
.  if  40  jiiilli- 

.  aii  :,e.  The 
.005  gr ams 
•  ivJ  secured 
juid  boostered 


70.  Pellets  havm  a  dia..ieter  0;  1.995  inches  and  a  length  of  .75  inch  v.ere 
pressed  from  a  mixture  of  granular  Thf  (Lot  hLO-501)  and  Grade  3  'luma. nun  contain¬ 
ing;  0  and  20  percent  of  aluminum.  The  pellets  ’..ere  pressed  at  the  io-  est,  and 
lushest  densities  at  ..Inch  good  pellets  could  be  obtained.  Sticks  ere  repared 
containing  18  pellets  each  and  secured  * ith  a  "longitudinal  .vrufvin/,  of  scotch 
Tape.  The  charge  densities  were  calculated  from  the  length,  diameter,  3:.d  v^eight 
of  the  charges.  The  charp.es  were  wrapped  and  boostered  in  the  same  :.anner  as  the 
cast  chorees  with  the  exception  that  two  Tetryl  pellets  (1.5  i  no  he  a  in  diameter 
by  .50  inch  long)  were  inter  posed  i;  -tween  tiie  end  of  the  charge  and  the  .995  inch 
diameter  Tetryl  pellets  of  the  iniiiatun  system. 

71.  The  rates  of  detonation  of  the  c^st  charges  and  pressed  ch-r.os  having 
diameters  of  .992  and  1.102  inches  v;sre  determined  by  means  of  the  high  speed 
rotating  drum  camera  eg  moment  at  thi3  Arsenal  (Ref.  N).  Tl'.e  rate  of  detonation 
of  the  1.995  inch  diameter  charges  was  determined  by  means  of  the  d'.batriche 
method. 
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Table  I 


^ast  TlsT-Al'^j-nnUi l  Oita 


Deii3J.tj 


GfiHKDiKTIAL 


Accord 


,t.p  ter a/sec. 

iion 

5.35 

1.603 

6o02 

637 

5.20 

1.603 

6579 

608 

4.75 

1.607 

6643 

605 

4.35 

1.607 

6640 

610 

4.25 

1.601 

6652 

611 

4.35 

1.605 

6660 

612 

3.30 

1.590 

6695 

613 

3.40 

1.596 

6709 

614 

5.55 

1.606 

6620 

615 

8.60 

1.628 

6634 

616 

8.70 

1.636 

6704 

617 

7.90 

1.623 

•  6576 

818 

8.95 

1.629 

6565 

819 

8.00 

1.626 

6623 

620 

6.95 

1.638 

6573 

821 

9.40 

1.635 

6501 

822 

9.20 

1.639 

6553 

623 

8.45 

1.626 

6567 

624 

9.45 

1.642 

6669 

625 

9.65 

1.641 

6625 

626 

6.80 

1.633 

6857 

627 

9.00 

1.609 

6614 

628 

8.95 

1.639 

6643 

629 

3.55 

1.  o42 

665I 

630 

9.35 

1.651 

6669 

831 

7.80 

1.636 

6683 

632 

7.55 

1.634 

6675 

633 

9.35 

1.636 

6631 

634 

9.10 

1.635 

6579 

635 

11.70 

1.665 

6773 

636 

31.95 

1.673 

6738 

637 

11.30 

1.675 

6640 

638 

11.60 

1.659 

6043 

639 

12.60 

1.664 

6628 

640 

11.75 

I.064 

6596 

641 

10.65 

1.637 

6611 

642 

14.95 

1.667 

6466 

643 

13.65 

1.666 

6489 

644 

15.40 

1.664 

6469 

645 

14.95 

1,658 

6527 

646 

13.65 

1.655 

634 2 

647 

15.40 

1.673 

6455 

648 

15.95 

1.673 

6518 

649 

14.60 

I.065 

6402 

650 
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laole  I  (continued) 


Percent  Alununtun 

Density 

£0jcr.. 

Hate 

;.ieter  s/sec. 

l'li' i'~ 

Ko. 

19.60 

1.702 

6371 

o52 

It.  15 

1*706 

6365 

S53 

19.95 

1.720 

6504 

654 

13.30 

1.711 

6478 

655 

19.30 

1.699 

6339 

656 

19.10 

1.097 

6452 

657 

20.85 

1.703  ' 

6376 

658 

19.40 

1.701 

6411 

659 

25.70 

1.759 

6338 

660 

24.20 

1.754 

6449 

661 

25.85 

1.760 

6628 

662 

25.60 

1.762 

6475 

663 

23.25 

1.745 

6353 

664 

25.20 

1.744 

6347 

665 

24.35 

1.736 

6292 

666 

26.35 

1.750 

6272 

667 

CONFIDENTIAL 
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Table  III 


Pressed  TXT-Alujninum  Drtta 


1.  pellet  aia.netur  .992  inch 


Percent  Aluriinura 


Der sxty 

Rato 

1.43^ 

6565 

060 

1.444 

to  515 

669 

1.452 

6573 

670 

1.461 

6602 

o7i 

1.467 

6657 

672 

1.469 

6570 

673 

1.471 

6631 

674 

1.475 

6669 

675 

1.477 

6617 

676 

1.479 

6to37 

o77 

1.434 

6657 

67C 

1.488 

6631 

679 

1.492 

6625 

680 

1.496 

6678 

631 

1.500 

6663 

682 

1.434 

6266 

633 

1.433 

6246 

634 

1.442 

6304 

635 

1.446 

6327 

686 

1.450 

6379 

687 

1.455 

6420 

688 

1.459 

6420 

689 

1.488 

6504 

690 

1.492 

6472 

691 

1.496 

6512 

692 

1.500 

6623 

693 

1.500 

6533 

694 

1.505 

6588 

695 

1.505 

6547 

696 

1.509 

6541 

697 

1.513 

6&46 

698 

1.450 

6185 

699 

1.455 

6272 

700 

1.459 

6226 

701 

1.463 

6313 

702 

1.467 

6307 

703 

1.484 

6411 

704 

1.488 

6423 

705 

1.492 

6391 

706 

1.496 

6431 

707 

1.501 

6417 

708 
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Table  III  (continued) 


Density 

Rate 

1.425 

6061 

709 

1.430 

6014 

710 

1.434 

6127 

711 

1.433 

6005 

712 

1.442 

6078 

713 

1.446 

6130 

714 

1.451 

6078 

715 

1.455 

6145 

716 

1.459 

6182 

717 

1.475 

6292 

710 

1.438 

6284 

719 

1.492 

o339 

720 

1.464 

6191 

721 

1.46b 

6202 

722 

1.488 

6200 

723 

1.492 

6208 

724 

1.492 

6165 

725 

1.496 

6301 

726 

1.496 

6118 

727 

1.501 

6236 

723 

1.501 

6234 

729 

1.505 

6191 

730 

1.505 

6214 

731 

1.505 

o220 

732 

1.509 

6255 

733 

1.509 

6210 

734 

1.513 

6397 

735 

1.513 

6321 

736 

1.517 

o365 

737 

1.429 

5724 

730 

1.434 

5759 

739 

1.433 

5759 

7-0 

1.442 

5759 

741 

1.446 

5785 

742 

1.450 

5323 

743 

1.454 

5771 

744 

1.463 

5808 

745 

1.471 

5341 

746 

1.475 

5353 

747 

1.479 

5343 

748 

1.404 

5930 

749 

1.488 

5921 

750 

1.492 

5916 

751 

1.496 

5939 

752 

1.501 

6011 

753 

1.509 

6052 

754 

1.517 

6058 

755 

1.522 

6017 

756 

fin  v*r?  r*  'fi”! 
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'fable  III  (continued! 


Percent  Aluminum 


»  i 


2.  Pellet  diameter  1.102  inch 


Density 

Sate 

firi.'l,  : 

1.434 

5203 

757 

1.438 

5244 

758 

1.442 

5220 

759 

1.442 

5232 

760 

1.446 

5223 

761 

1.446 

5249 

762 

1.446 

5296 

763 

1.446 

5290 

764 

1.450 

5302 

765 

1.451 

5270 

766 

1.455 

5342 

767 

1.455 

5343 

763 

1.455 

5351 

769 

1.453 

5302 

770 

1.459 

5362 

771 

1.459 

5223 

772 

1.459 

5333 

773 

1.463 

5391 

774 

1.463 

5397 

775 

1.463 

5362 

776 

1.467 

5417 

777 

1.468 

5443 

778 

1.471 

5446 

779 

1.472 

5374 

730 

1.476 

5423 

761 

1.430 

5446 

782 

1.480 

5574 

783 

1.484 

5541 

784 

1.483 

5504 

785 

1.501 

5681 

786 

1.551 

6733 

862 

1.554 

6770 

863 

1.554 

6799 

864 

1.554 

6799 

365 

1.554 

6909 

866 

1.558 

6912 

867 

1.558 

6811 

868 

1.561 

6846 

869 

1.561 

6744 

870 

1.565 

6857 

871 

1.565 

6747 

872 

1.565 

6834 

-  873 

1.568 

6904 

374 

1.568 

6817 

875 

lOilFiDIf 
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3.  Pellet  dia.-r.ctor  1.9/5  i“Ch 


Tubie  III  ( continued] 


Percent  liniLU  Density 

hate 

,i-/A  A 

0  1.339 

6820 

1475 

1.326 

6078 

1470 

1.323 

6023 

U77 

1.335 

6020 

1473 

1.318 

5977 

1479 

1.324 

6055 

304)0 

1.330 

6034 

1481 

Av.  1,328 

6030 

0  1.434 

68  50 

D61* 

1.475 

6450 

D62 

1.434 

6593 

D63 

1.472 

6540 

064 

1.479 

6220 

D65 

1.480 

6560 

D66 

1.480 

6680 

067 

1.472 

6120 

O06 

Av.  1.478 

6499 

20  1.328 

5000 

054 

1.304 

4760 

D55 

1.367 

4970 

056 

1.407 

4940 

057 

1.33S 

4826 

058 

1.397 

5050 

059 

1.324 

4677 

060 

..v.  1.352 

4889 

20  1.576 

6200 

076 

1.531 

5930 

077 

1.577 

5870 

078 

1.576 

5966 

079 

1.580 

6034 

080 

1.564 

6087 

081 

1.573 

6150 

082 

Av.  1.575 

6034 

The  letter  D  indicates  that  the  rate  of 

detonation  was 

deter.aiiicc  usi n& 

d'Autnche  Method. 
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Table  V 


?.ate  of  Deto.iUtio.i  of  Cast  10/23  TNT~.U-Ui2i.JU-i 
_ Obtained  by  t.D'.lC . 


Diameter  of  Charge 

Density 

late 

deference 

1.6" 

1.759 

6730 

(0* 

1.759 

o775 

1.760 

6750 

* 

1.725 

6660 

/' 

1.735 

6705 

1.75" 

1.370 

5040 

(d)*# 

1.625" 

1.396 

5070 

1.403 

5050 

*  Secondary  aluminum 

(94.4^  Al)  varying 

in  size  from  1 

to  150  microns,  averaging 

60  microns. 

# 

**  Aluminum  bronze  powder,  1~20;  10  aver 

age  microns. 

COiiriOifiTIAl 
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Table  VI 

Least  Square  Hates  of  Detonation  of  Pressed  fNT- 
_ Aluminum  Lixtures. _ 


Percent  Aluminum 

Hate  of 

Detonation ,  meters  tor 
Density  ( Arams/cc . ) 

second 

1.40 

1.50 

1.60 

' 

" 

0 

6365 

6*691 

7017 

2 

6224 

.  6576 

6927 

4 

6069 

6456 

6340 

6 

5920 

6337 

6753 

a 

5770 

6221 

6671 

12 

5472 

5985 

64°7 

13 

5032 

5631 

6229 

wmmi 


- -' ^ 2 J&. ^ ..j _ 


\T*"m.rrj*  mj»  »  yww 


;r  ol  Charge 

av.  TNT 

Av.  Al.  Size 

Oensit,' 

..  Nate. 

6060 

1.25" 

1-40 

10k 

1-150 

60k' 

1.564 

1.615 

0303 

1.611 

6285 

1.559 

6100 

1.432 

5575 

1-80 

1-100 

1.6" 

20  M 

Av.  50  If 

1.654 

6505 

1.657 

6440 

1-40 

1-100 

1.25" 

15 

Av.  50 

1.061 

4170 

1.133 

4425 

1.228 

4740 

2.0" 

1.186 

4575 

1.218 

4645 

1.397 

5320 

*  Secondary  Al.  (94.4*  id.). 

-tH*  Navy  specification  aluminum;  1-100  microns;  Av.  50  by  microscopic  count 
Screen  analysis 
lQOyo  tnrouc,n  100  mesh  ( 14941) 

15*  plus  325 

85*  through  325  mesh  (4414) 


mmm 


/ 
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Table  VIII 


Calculations  of  Detonation  Velocity  D  for  TKT  for 
Various  Quantities  of  Heat  Extracted,  Jt  Q.  _ 

A  Q  (cal. /mole  of  UJT)  Ti  (°iC)  D  (meters  per  second) 

Density  (  '-'./cc. )' 


hZL 

7165 

1.50 

1.60 

6143 

0 

2904 

6882 

6507 

6400 

2800 

7100 

6826 

6446 

6080 

12070 

2700 

7031 

6755 

6374 

6010 

19000 

2600 

6960 

6682 

6302 

5944 

25030 

2500 

6891 

0603 

6229 

5873 

37070 

2300 

6736 

6455 

6027 

5724 

50000 

2100 

6576 

6296 

5920 

5565 

62040 

1900 

6426 

6143 

5763 

5409 

.•ft 

•  f  : 

\  t  i  * 
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Table  K 


Calculated 

valuta  oi  the 
Zone,  Ai,  for 

Length  of  the  Reaction 

TNT. 

4  Q 

(cul./r.iole. ) 

Ti 

(°K-.) 

Al  (in  cn. ) 
Gram  radius,  rQ  (in 

.aicrons) 

16 

22 

0 

2904 

.0805 

.1251 

.2002  .2753 

.3504 

6400 

2800 

.0932 

.1447 

.2316  .3134 

.4053 

12070 

2700 

.1083 

.1682 

.2691  .3700 

.4710 

19000 

2600 

.1273 

.1976 

.3164  .4351 

.5337 

25030 

2500 

.1516 

.2355 

.3769  .5162 

.6595 

37070 

2300 

.2251 

.3497 

.5596  .7694 

.9792 

50000 

2100 

.3603 

.5599 

.*953  1.231 

1.568 

62040 

1900 

.6369 

.9697  1 

-563  2.177 

2.771 

3^f.'0rsriAr 
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fable  1 


t 

micro-sec. 


.1 
.2 
•  4 
.5 
.6 
.8 
1.0 
1.3 

1.5 

1.6 
2.0 
2.5 
3.0 


Heat 

:-accc-i  oy  0.'"  w 

ole  of  lluminuja  pji't 

y 

«a 

(calones/mole) 

c 

s  ,005u  cm. 

C 

TYo 035 

cm. 

t  (°;;.) 

r  (°x.) 

2000 

3C00 

2000 

2poo 

3596 

5711 

2487 

3637 

5299 

^U6 

7189 

11419 

4303 

6722 

- 

- 

8335 

13244 

9154 

14539 

9766 

15510 

10429 

16563 

10883 

17284 

11278 

17913 

11562 

16362 

11715 

'.8607 

6089 

7202 


9558 

11327 
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